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Abstract 
Torch Lake, located in Michigan’s Upper Peninsula, was a site of copper ore 
processing from the 1860s through the 1960s. During this time, various mining by-
products were deposited into the lake and along its shoreline, including mine tailings and 
associated heavy metals contaminants (e.g., copper). It was anticipated that natural 
sediment deposition would cover and attenuate toxic sediments over time, but a 
comprehensive assessment of the benthos has not been performed since a baseline survey 
conducted in 1999 and 2000. This study was conducted in 2018 to evaluate the current 
benthic community status as well as sediment composition and metal concentrations, in 
order to evaluate natural recovery and spatial drivers of community density.  
In comparison with the baseline, an overall increase in macroinvertebrate densities 
was observed and recovery rates are spatially variable. Macroinvertebrate densities were 
depth-dependent and exhibited a northeast gradient across the nearshore of the lake. 
Greatest densities occurred along the eastern shoreline and near the main tributary, while 
the lowest densities may be influenced by proximity to historical mining activity along 
the western shoreline. The northern basins, near the main tributary input, were 
significantly greater in macroinvertebrate density from nearshore sites in the lake’s main 
basin. Habitat quality in the northern basins sites was highly heterogeneous and drivers of 
macroinvertebrate density in this region include currents and increased sediment 
deposition zones.  
The relative effects of mine tailings and metal toxicity on macroinvertebrate density 
are modulated by spatially dependent physical and chemical properties in the nearshore, 
as well as the depth dependence of sediment composition between the offshore and 
nearshore. Considering habitat variability in future sampling efforts would facilitate a 
more complete assessment of environmental drivers of benthic conditions and recovery. 
In addition, an appropriate reference site is needed to more effectively gauge the degree 
of benthic degradation and to provide future restoration targets for the AOC and potential 
BUI removal. 
 1 
1 Introduction  
1.1 The Legacy of Copper Mining 
Torch Lake, located in Michigan’s Keweenaw Peninsula, was a hub of industrial 
copper ore processing between the 1860s and late 1960s. More than half of the 5 million 
tons of native (elemental) copper extracted from the Keweenaw Peninsula during this 
time was processed along Torch Lake’s western shoreline (US EPA, 2001).   
 
Figure 1.1 Map of the Torch Lake site and surrounding area 
Copper extraction involved crushing (stamping) mined bedrock and employing 
gravity separation in a fluid to sort denser copper ore from the lighter crushed bedrock. 
Separated copper ore went to smelters, while the mine tailings and contaminated 
wastewaters were deposited into Torch Lake and other sites throughout the Keweenaw 
Peninsula (Urban et al., 2018). Approximately 200 million tons of mine tailings (stamp 
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sands and slime clays, common names for the coarse and fine mine tailings, respectively) 
were deposited into Torch Lake and along its western shoreline, forming large piles that 
protruded from the water surface (MNDR, 1987, Kerfoot et al., 1994). Tailing deposition 
is estimated to have filled 51 percent of the lake’s original volume (Urban et al., 2018), 
and significantly altered the lake’s bathymetry as illustrated in Figure 1.2. Net positive 
bathymetry changes are focused around the stamp sand piles along the western shoreline 
and into the northern basins.  
 
Figure 1.2 Change in Torch Lake’s bathymetry from pre- to post-mining eras (1865 to 2004) 
In the 1910s, copper reclamation technology improved, prompting the dredging and 
reprocessing of submerged tailings in Torch Lake. By the 1930s, milling activity was 
predominately focused on dredging and copper ore reclamation (Urban et al., 2018). 
Dredging increased turbidity (Figure 1.3) and redistributed new and deposited byproducts 
throughout the lake, further altering bathymetry. Stamp sand piles were highly erodible 
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via wind or water, also contributing to tailing deposition to the lake’s sediments (Baker, 
2007).  
 
Figure 1.3 Aerial imagery of increased turbidity from dredged sediment and mining byproducts in 
Torch Lake (1951). Photo courtesy of Michigan Technological University Archives. 
Coinciding with the Clean Air Act (1970) and Clean Water Act (1972), 
environmental investigations were conducted to evaluate effect of mining pollution on 
fish, sediment, and water quality in Torch Lake beginning in the early 1970s (Urban et 
al., 2018). Surveys found Torch Lake sediments contained high concentrations of heavy 
metals (copper, mercury, etc.). In addition, the faunal benthos (bottom-dwelling 
invertebrate community) was determined to be low in density, diversity, and biomass 
based on several benthic surveys and sediment toxicity studies (Massey, 1970; Evans, 
1973; Kraft & Sypniewski, 1981; Malueg et al., 1984; MDNR, 1987).  Ecological 
disturbances in the benthos have widespread impacts that propagate through the food 
web, and slow organic matter processing and nutrient cycling (Urban et al., 2018; Covich 
et al., 1999). 
In 1985, the US EPA and the International Joint Commission’s (IJC) Water Quality 
Board designated Torch Lake as a Great Lakes Area of Concern (AOC) under the 
International Water Quality Agreement. Three Beneficial Use Impairments (BUIs) were 
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assigned to the Torch Lake AOC: fish tumors or other deformities1, restrictions on fish 
and wildlife consumption, and degradation of benthos. In 1986, Torch Lake and 
surrounding areas were also included on the National Priorities List as the Torch Lake 
Superfund Site, composed of three operable units (OU). Sediments and submerged 
tailings within the Torch Lake, the northern portion of Portage Lake, the Portage Lake 
Canal, Keweenaw Waterway, the north entry to Lake Superior, Boston Pond, Calumet 
Lake, and other waterbodies within the Keweenaw drainage basin were included in OU II 
of the Superfund Site.  
Remediation actions were often joint efforts under AOC and Superfund jurisdictions, 
focusing primarily on ecological disturbances (Urban et al., 2018). In 1987, the Remedial 
Action Plan (RAP) for Torch Lake AOC did not propose a remedial action for the 
degraded benthos due to the immense areal coverage and volume of tailing deposits in the 
lake. Natural attenuation was considered the “only feasible course of action” for the 
degraded benthos (MDNR, 1987). In 1994, the Superfund Record of Decision (ROD) for 
lake sediment in OU II also selected no remedial action for lake sediments in the various 
waterbodies included in the Site (US EPA, 1994). Natural sediment transportation and 
deposition was anticipated to cover and detoxify metal-rich sediments over time, as well 
as provide a habitable zone for the faunal and floral benthic communities. Both remedy 
decisions relied on remedial soil and vegetation cover of the shoreline tailings, selected in 
the 1992 ROD for OU I and III, to limit erosion and further deposition of tailings into the 
lake (US EPA, 1992).   
In addition, the 1994 ROD established long-term monitoring to evaluate the progress 
of natural recovery in Torch Lake, as it was anticipated to be more degraded than other 
OU II waterbodies. It was assumed that any recovery observed in Torch Lake could be 
extrapolated to indicate equal or better conditions in other waterbodies within the 
Superfund Site (US EPA, 2001).  
                                                 
1 The BUI for fish tumors and other deformities was removed in 2007.  
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The US EPA conducted the first monitoring survey, establishing a baseline condition 
for Torch Lake in 1999 and 2000 (US EPA, 2001). Ten offshore sampling stations were 
established in 1999, followed by 20 more nearshore sites in 2000. The baseline survey 
reported physical, chemical, and biological conditions within Torch Lake as well as 
chemical conditions of groundwater in the surrounding area. The baseline survey also 
outlined surveying methods for long-term monitoring to facilitate effective condition 
comparisons as well as to assess temporal changes in the lake. A few highlighted 
objectives from the baseline survey included measuring the distribution and concentration 
of metals in surface water and sediments, analyzing sediments for particle size, and 
evaluating the condition of the faunal benthic (macroinvertebrate) community. In 2004, 
the MDEQ completed another monitoring assessment of natural recovery in Torch Lake 
(MACTEC, 2008), including surveys of the benthic macroinvertebrate community, 
sedimentation rate, and sediment quality. Benthic community resampling occurred at 8 of 
the 30 baseline sites to assess changes in the density and diversity of the benthic 
community. However, large discrepancies in water depth limited direct comparison of 
benthic conditions to the baseline survey (MACTEC, 2008).  
1.2 Benthic Macroinvertebrates  
Benthic macroinvertebrates are a key component of lacustrine ecosystems, facilitating 
nutrient cycling and energy flow through food webs (Covich et al., 1991; Jonasson, 
2004). Different macroinvertebrate species perform different ecological functions, such 
as accelerating detrital decomposition, releasing bound nutrients, and facilitating nutrient 
replenishment into the water column via feeding, excretion, and burrowing. Therefore, 
the diversity within a community is often more critical than quantity of organisms 
(Covich et al., 1991). Changes in the distribution or abundance of species can cause 
imbalances in the community structure and limit ecological functions.   
Ecoregion, watershed characteristics, and lake morphometry affect benthic 
community structure, but the local habitat quality has greater influence on taxonomic and 
functional composition (Johnson & Goedkoop, 2002; Free et al., 2009). Habitat 
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characteristics include the physical and chemical properties of sediment and overlying 
water column, such as temperature, pH, alkalinity, dissolved oxygen, conductivity, 
sediment chemistry, and substrate composition (Jonasson, 2004; Free et al., 2009). 
Macroinvertebrate abundance is highly sensitive to sediment chemistry (Free et al., 
2009), whereas in ecologically disturbed areas, physical habitat quality (sediment particle 
size or availability of food) can be a primary limitation on benthic communities 
(Heatherly et al., 2005; De Haas et al., 2006). Other limnological properties that influence 
benthic communities include wind-induced currents and seasonal turnover, that are 
responsible for circulating food and oxygen that in turn influence community structure in 
the various zones (Jonasson, 2004).  
Community structure is highly dependent on water depth within a lake. Aquatic 
habitats in stratified lakes are often divided into littoral, sublittoral, and profundal zones, 
summarized roughly by depth relative to the water surface and thermocline (Mandaville, 
2002; Jonasson, 2004). Generally, the macroinvertebrate community is more dense and 
diverse in the littoral zone. Sediment heterogeneity and macrophyte colonization create 
microhabitat niches and alter food availability, which contribute to increased diversity. In 
the littoral zone, many biotic and abiotic characteristics in benthic habitats are influenced 
by water depth, such as wave action (hydraulic stress), habitat stability, sediment particle 
size, light attenuation, algal productivity, and temperature (Baumgärtner et al., 2008). In 
contrast, the profundal zone is more homogeneous in temperature, sediment composition, 
and macrophyte diversity, thus limiting microhabitat variety (Mandaville, 2002). In 
addition, lower temperature, oxygen, and food availability restricts the types of species 
and inhibits colonization in the profundal zone (Jonasson, 2004).  
Seasonality of abiotic and biotic factors, primarily plant growth, yield seasonal 
variation in benthic community. In the littoral zone, summer months of high plant growth 
coincide with dominant herbivore populations, which are succeeded by carnivores later in 
the year (Jansson, 2004). The profundal zone is dominated by detritivores that rely on 
organic material produced in the littoral zone. Sedimentation rates in the profundal zone 
peak during spring/fall turnover (James & Barko, 1993).  
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Benthos Monitoring and Biotic Metrics  
Macroinvertebrate communities are commonly used as indicators of either ecological 
health or water quality, or to monitor disturbances in ecosystems through static measures 
or temporal trends in the density, diversity (composition), and abundance of specified 
taxonomic groups (New, 1995; Bailey et al., 1995). Macroinvertebrates are relatively 
sedentary and can provide localized ecological assessment (Goodyear & McNeill, 1999; 
Beck & Hatch, 2009). Early benthos monitoring focused on the effects of nutrient 
pollution in rivers and lakes. With the concerns rising over more severe chemical 
contaminants in recent years, monitoring studies have transitioned to the use of biotic 
metrics to assess changes in community diversity (Cairns & Pratt, 1993).  
Biotic metrics relying on taxa richness and tolerance (organism sensitivity) are often 
more robust than measures of density (Johnson, 1998; Cairns & Pratt, 1993). In addition, 
interpretation of multiple metrics is preferable to reliance on a single metric. The most 
effective diversity metrics for assessing ecological disturbances include taxa richness, 
community indices (including tolerance), and functional groups (Resh & Jackson, 1993; 
Cairns & Pratt, 1993).  
Taxa richness refers to the number of distinct taxa, a taxonomic group of any kind. 
Species richness is assessed most commonly, but higher taxa or a specific indicator taxon 
can also be used. Greater richness corresponds to greater diversity. Disturbances to a 
system will tend to decrease the taxa richness (Resh & Jackson, 1993; Mandaville, 2002).  
Community indices incorporate taxa richness and abundance (counts of individuals 
within a specified taxon) for a statistical summary of community diversity as ranked by 
numerical “scores”, and often weighted by abundance (Resh & Jackson, 1993; 
Mandaville, 2002). Some simply rate the diversity of a community (e.g., Shannon Index, 
H’), while others incorporate unique characteristics of taxa, such as organism 
tolerance/sensitivity to nutrient pollution (e.g., Hilsenhoff Biotic Index, HBI).  
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Functional groups (also referred to as trophic groups or feeding guilds) indicate the 
feeding mechanisms and food preference of macroinvertebrates (Goodyear & McNeil, 
1999; Cummins, 1973). The general functional groups are filterers, collectors, scrapers, 
shredders, predators, and parasites. Functional group dominance reflects habitat quality, 
food availability, and the functional capability of the faunal benthos. 
Most biotic metrics were designed for water quality evaluations in rivers and streams 
but are often altered for application to other systems (Beck & Hatch, 2009). Similarly, 
those metrics can be altered to reflect the characteristics of the community or the degree 
of ecological disturbance (Back & Hatch, 2008), but a metric’s sensitivity and robustness 
to ecological disturbances should be validated before comparing communities in different 
systems (Resh & Jackson, 1993).  
1.3 Sediment Toxicity 
In the late 1960s and early 1970s, recorded surveys on Torch Lake’s faunal benthos 
reported severely degraded communities with sparse organism counts and minimal taxa 
variety (Yanko, 1969; Massey, 1970; Wright et al., 1973). Lower water column toxicity 
and reduced turbidity in recent years have contributed to an increase of pelagic species, 
yet benthic invertebrate densities are still low (Kerfoot et al., 2007).  
Numerous studies have linked sediment toxicity to degraded benthic communities in 
Torch Lake and connecting waterbodies in the Keweenaw Waterway (Evans, 1973; 
Sypniewski, 1977; Kraft & Sypniewski, 1981; Malueg et al., 1984; West et al., 1993; 
Cusack & Mihelcic, 1999; US EPA, 2001). Consequently, Torch Lake’s degraded 
benthos is attributed to the toxicity of metal-rich sediments, particularly high copper 
concentrations associated with mine tailings (Urban et al., 2018).  
Toxicity can occur by direct exposure to in situ sediments and pore water or transfer 
from the water column, and through consumption of contaminated organisms 
(MacDonald & Ingersoll, 2002). Direct exposure of contaminants is commonly accepted 
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as the main route of contaminant exposure for benthic macroinvertebrates (Adams et al., 
1992; Goodyear & McNeill, 1999). 
Sediment toxicity is influenced by organism-specific factors modifying toxicity 
exposure, such as different life histories, feeding mechanisms, and varying sensitivity 
(West et al., 1993). Macroinvertebrate sensitivity to metal contaminants is influenced by 
food availability, morphology, functional group, and competition, as well as physical and 
chemical processes modulating the bioavailability of metals (Buikema & Benfield, 1979; 
Jeong et al., 1999). Thus, metal concentrations alone are not an effective proxy for 
sediment toxicity.  
1.4 Limitations of Natural Recovery 
Natural attenuation is facilitated by the burial of toxic sediments, where the rate of 
sediment deposition exceeds the rate of sediment scouring or resuspension (Magar, 
2001). Natural sedimentation consists of particulate and organic material inputs via 
watershed reaches and internal production in littoral zones (Baker, 2007). Suspended 
material is deposited, often in an alluvial fan, as tributary water velocity slows upon 
entering a lake (Coduto et al., 2010). In offshore regions of the lake, sediment focusing 
contributes more to sediment accumulation than seasonal mixing in dimictic lakes (James 
& Barko, 1993).  
Sediment transport mechanics, such as erosion, basin scouring, and focusing, may 
continue to contribute to spatial variability of tailings and associated solid-phase metal 
concentrations (Baker, 2007; McDonald et al., 2010; Mandelia et al., 2016; Urban et al., 
2018). The National Resources Conservation Service (NRCS) estimated that the rate of 
exposed stamp sands piles erosion into Torch Lake was approximately 0.1 inch per year 
(Baker, 2007). However, previous sediment trap studies concluded erosion from stamp 
sand piles are not the primary source of copper in sediments (McDonald et al., 2010, 
Kerfoot et al., 2016).   
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Analysis of sediment cores, comprised of post-mining sediment accumulation 
underlain with mine tailings (Figure 1.4), have shown upward copper concentration 
gradients between layers (McDonald et al., 2010). Elevated copper concentrations in 
post-mining sediment have been observed in various Torch Lake sediment core surveys 
(Cusack & Mihelcic, 1999; Long et al., 2002; Kerfoot et al., 2007; McDonald et al., 
2010). This is attributed to continued mobilization of copper from tailings to the water 
column via pore water transfers (Jeong et al., 1999; McDonald et al., 2010).   
 
Figure 1.4 A sediment core with the distinct boundary between the post-mining sediment and 
underlying mining era sediment (Original image taken from McDonald, 2018).  
The copper budget for Torch Lake indicates dissolved copper concentrations in 
surface water must be derived from legacy contamination, rather than external 
contribution such as runoff or precipitation (Warburton, 1987). Dissolved copper 
concentrations in surface water are controlled by chemical processes such as 
precipitation, dissolution, adsorption, complexation/methylation, diffusion of pore water 
from sediments and stamp sands piles (Jeong et al., 1999; Urban et al., 2018).  
Natural attenuation relies on abiotic and biotic processes facilitating immobilization 
of solid-phase metals in sediments (Mulligan & Yong, 2003; Jeong et al., 1999), but 
processes facilitating immobilization of metals are often reversible, resulting in 
bioaccumulation and legacy water quality issues (Mulligan & Yong, 2003; Medine & 
McCutcheon, 1989). 
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Model forecasts estimate over 100 years of sediment accumulation will not 
significantly reduce copper concentration in sediments through burial mechanisms 
(McDonald & Urban, 2004). Despite the evidence against natural attenuation’s 
effectiveness in reducing in metal concentrations in sediment and the relationship 
between metal concentration and sediment toxicity, the status of the benthic community 
and spatial drivers of benthic recovery were, prior to this study, uncertain. 
1.5 Objectives 
1) To conduct an updated survey of the benthic community to assess any evidence 
of natural recovery in the lake through a statistical comparison of density and 
diversity with the baseline survey.  
2) To survey the northern basins to assess benthic communities in an isolated 
region of intensified sedimentation and to compare with macroinvertebrate 
densities in the rest of the lake.  
3) To evaluate spatial drivers of benthic community density across all sample sites 
to provide insight to necessary conditions for supporting benthos recovery.  
Based on historic densities (USEPA, 2001; MACTEC, 2008), community density was 
anticipated to remain low with limited diversity, potentially insufficient for an effective 
statistical evaluation. Flow from the northern basins is hydrologically impeded by a large 
stamp sand pile, which restricts the depositional area of nearby tributaries resulting in 
increased sedimentation. Natural recovery was anticipated to be driven by natural 
sediment accumulation; thus conditions for recovery in benthic communities may be 
related to the thickness of the post-mining, organic-rich sediment layer (Cusack & 
Mihelcic, 1999; Kerfoot et al., 2007). 
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2 Methods 
2.1 Site Description  
Torch Lake is an oligotrophic, dimictic lake with a surface area of 11 km2 and a 
maximum depth of 38 m. The primary tributary is the Trap Rock River, which discharges 
into the northern portion of the lake (Figure 2.1). The Torch Lake watershed 
(approximately 94 km2) includes numerous smaller tributaries, such as McCallum Creek, 
Sawmill Creek, and Dover Creek. The lake drains via a channel into Portage Lake. The 
retention time of Torch Lake is approximately one year (Warburton, 1987).  
 
Figure 2.1 Hydrology of Torch Lake  
The Torch Lake drainage basin is comprised of the Torch Lake and Trap Rock River 
subwatersheds, under the USDA hydrologic unit coding system (NRCS, 2007). The Trap 
Rock River subwatershed has an area of 111 km2, comprising over half of the Torch Lake 
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drainage basin (Warburton, 1987).  Both subwatersheds are components of the Portage 
Lake watershed which ultimately drains into Lake Superior (Figure 1.1).  
Land cover in the Torch Lake drainage basin is predominately forested (53%), with 
smaller areal coverage by wetlands (18%) and developed areas (10%) (Table A.4.1). The 
western shoreline is mostly developed, lined with the small communities of Lake Linden, 
Hubbell/Tamarack City, and Mason (Figure 2.2). Beneficial uses of Torch Lake include 
fishing, boating, and swimming as well as treated municipal waste assimilation (Urban et 
al., 2018). Wastewater treatment lagoons are located on the Lake Linden and 
Hubbell/Tamarack City stamp sand piles (Figure 2.2).  
 
Figure 2.2 Land cover by category surrounding the Torch Lake site (NLCD, 2016) 
The stamp sand piles surrounding Torch Lake are covered with vegetation varying 
from scrub to wetlands. Vegetative growth has increased in recent years since the initial 
remedial coverage in 1999 – 2001 but is not indicated in recently released National Land 
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Cover Database (NLCD) 2016 data (https://www.mrlc.gov/data/nlcd-2016-land-cover-
conus). Instead, the stamp sand piles are designated as barren land, as illustrated in Figure 
2.2. This discrepancy prevents evaluation of the shoreline cover in relation to sediment 
quality or the benthos using NLCD.  
The 2004 bathymetry of Torch Lake is shown in Figure 2.3. The bathymetry of the 
lake does vary in depth and slope, particularly along the western shoreline. A more 
gradual descent is observed along the eastern shoreline towards the lake’s outlet. The 
northeast basin is approximately 6m deeper than the northwest basin, which is not evident 
from Figure 2.3.  
  
Figure 2.3 Bathymetry (left) and basin slope (right) of Torch Lake (2004) 
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2.2 Sampling 
Sampling and analytical procedures from the baseline survey (US EPA 2001) were 
maintained to limit the influence of methodological differences on comparisons. Ten new 
sites located in the northern basins were added to the 30 original baseline sites. Sampling 
referenced coordinates, water depth, and site-specific identification codes. Site coding 
reflects the year of initial sampling at each location: 99**, 00**, 18**, respectively 
(Figure 2.4)2. The 99**, 00**, and 18** sites will be referenced as offshore, nearshore, 
and northern sites, respectively. Results regarding sampling locations and benthic 
communities from the baseline survey (US EPA, 2001) are summarized in Table A.2.1 
through Table A.2.6 in the appendix. 
 
Figure 2.4 Sampling sites with site categorization 
                                                 
2 Site codes are abbreviated versions of the station location code. The numerical association between site 
code and station location does vary for the 99** sites. Consequently, the site code is preferentially used in 
this study.  
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Due to the expected relationship between water depth and benthic community 
structure (Baumgärtner et al., 2008; Jonasson, 2004), sampling at similar water depths 
was prioritized over coordinate location at baseline sites. If water depth at a site location 
differed from the sample plan, location was adjusted perpendicularly to the shoreline 
until water depth agreed with baseline data.  
Initial sampling for all 40 sites occurred during August 6 – August 15, 2018. A 
calibration error in the sonar equipment was subsequently detected, yielding a 2.5m 
overestimation in water depth. The benthic community was resampled in the nearshore 
and northern sites on September 3, 2018. As the calibration error was less significant at 
greater depths, the offshore samples were not resampled. In addition, sediment 
characteristics were assumed to be similar within a general area per site location, based 
information from both the sediment characterization survey and sediment reports in the 
baseline survey, as well as the relative distance of sampling location perturbation 
compared to distances between sites. Therefore, sediments were not resampled for 
metals, particle size, and organic content.  
Following the baseline methodology, offshore grabs used a full Ponar dredge (0.052 
m2 sampling area), while a petite Ponar dredge (0.023 m2 sampling area) was used for 
nearshore and northern grabs. Sampling was conducted from MTU’s R/V Aggasiz, R/V 
Polar, and a jon boat, depending on water depth and accessibility of site.  
Post-mining sediment was identified as brown silt, based on previous sediment 
studies (Kerfoot et al., 2007; McDonald et al., 2010). A clear boundary between post-
mining sediment and slime clay layers was observed at certain sites, depicted in Figure 
1.4, similar to previous sediment core observations (Cusack & Mihelcic, 1999; Kerfoot et 
al., 2007; Alexander, 2008; McDonald et al., 2010). In such cases, only the top layer of 
post-mining sediment was collected. Metal subsampling avoided slime clay 
contamination to the extent possible, so that only post-mining sediment (ie. the natural 
sediment cap) was analyzed for metal content for evaluation of natural remediation. Prior 
to disturbing the grab with subsampling, the thickness of the post-mining sediment layer 
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(Figure 1.4) was measured and the presence of visible stamp sands, slime clays, or 
macrophytes in grab samples was recorded.  
2.3 Benthic Macroinvertebrates  
Following baseline methodology, benthic macroinvertebrate samples from the 
offshore sites were processed using a hinged elutriation table in the field, while the 
nearshore and northern samples were elutriated on shore. Elutriation technique followed 
EPA on-station ponar sampler procedures (US EPA, 2002). Ponar grabs were gently 
rinsed and elutriated into a 500 µm sieve until the decanted water was clear. Elutriated 
and coarse material were stored separately; both were preserved in 70 to 90 percent 
ethanol. All retained, preserved material was stored at 4oC prior to sorting.  Retained 
material was picked in entirety due to low organism density, following EPA benthic 
macroinvertebrate laboratory methods (US EPA, 2012), using an Intertek magnifier lamp 
(1.75x magnification). Picked organisms were sorted to the lowest taxonomic 
identification possible (preferably genus) using taxonomic keys, Merritt & Cummins 
(1996) and Thorp & Covich (2010), through an Olympus dissecting microscope. Sorted 
organisms were stored in pure ethanol in labeled vials at room temperature.  
Macroinvertebrates were reported as individuals per taxa under the major phyla of 
Annelida, Arthropoda, Nematoda, and Mollusca, following the taxonomical conventions 
established in the baseline reports. Vertical migratory taxa, such as Chaoborus, and 
pelagic taxa, such as certain Cladocerans, were reported, following baseline conventions. 
Individual totals were converted into organism (macroinvertebrate) density, reported as 
individuals m-2, to account for the difference in ponar cross-sectional area between 
offshore (0.052 m2) and nearshore/northern sites (0.023 m2).  
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2.3.1 Diversity Metrics 
The Shannon Index (H’) is a statistical measure of diversity, with greater H’ values 
corresponding to greater diversity (Burton, 1999). It assumes that all taxa are represented 
in a randomly collected sample, thus the distribution of taxa in a given sample should 
resemble the population. H’ was modified to assess diversity at the family level.  
Hᇱ ൌ ∑ ୬౟୒ ln ቀ
୬౟
୒ቁୱ୧ୀଵ       ( 1 ) 
where 
ni … individuals of one particular taxon  
N … total number of individuals recovered (all taxa) 
s … total number of taxa  
Functional feeding group identifiers and tolerance values (0 to 10 as most sensitive to 
least sensitive taxon) were assigned by genus using tabulated references from Barbour et 
al. (1999) and Bode et al. (1996). Tolerance values listed for the Midwest are derived 
from water quality surveys by the Wisconsin Department of Natural Resources 
(Hilsenhoff, 1987), although these have been generalized for most ecological 
disturbances by later studies (Barbour et al., 1999; Mandaville, 2002). The presence of 
more sensitive (less tolerant) species is interpreted as an indicator of higher water quality 
in regard to nutrient pollution (Hilsenhoff, 1982) 
The Hilsenhoff Biotic Index (HBI) computes tolerance within a community, weighted 
by relative abundance of each taxon. Typically, HBI is used to assess a community’s 
response to nutrient pollution but can also be used to measure community response to 
increasing perturbations in water quality (Table 2.1).  HBI was modified for family-level 
evaluations (Hilsenhoff, 1988) using family-level tolerance values (Table A.1.1).  
HBI୤ ൌ ∑ ୬౟ୟ౟୒       ( 2 ) 
where  
ni … individuals of one particular taxon (family)  
ai … tolerance value of taxon (family)  
N … total number of individuals recovered (all taxa) 
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Table 2.1 Hilsenhoff family biotic index and associated water quality rating  
(Modified from Table 2, Hilsenhoff, 1988) 
Family Biotic Index Water Quality 
0.00-3.75 Excellent 
3.76-4.25 Very good 
4.26-5.00 Good 
5.01-5.75 Fair 
5.76-6.50 Fairly poor 
6.51-7.25 Poor 
7.26-10.00 Very poor 
 
2.4 Sediment Properties 
2.4.1 Heavy Metals 
Sediment subsamples were analyzed for solid-phase concentrations (mg/kg) of 
Arsenic, Cadmium, Chromium, Copper, Lead, Mercury, Nickel, and Zinc. Heavy metal 
concentrations were measured by White Water Associates, Inc. (Amasa, MI); procedures 
are outlined in the Torch Lake AOC Benthos Monitoring QAPP (McDonald, 2018). 
Metals were analyzed by Inductively Coupled Plasma-Optical Emission Spectroscopy, 
with the exception of mercury which was analyzed by atomic absorption spectroscopy. 
Metal concentrations below the method detection limits (MDL) were reported as non-
detects (Table 2.2). 
 
Table 2.2 Method detection limits (MDL) and method quantification limits (MQL) 
 Arsenic Cadmium Chromium Copper Lead Mercury Nickel Zinc 
MDL (mg/kg) 4.2 0.25 0.10 0.13 2.1 0.0079 0.40 0.69 
MQL (mg/kg) 10 1 0.30 1 10 0.019 3.0 3.0 
2.4.2 Organic Content  
The proportion of organic matter in the sediment samples was assessed by Loss on 
Ignition analysis (LOI) to determine percent volatile solids, or the proportion of 
combustible benthic material in the solid fraction. During sample preparation for volatile 
solids (VS) analysis, total solids (TS) and water content (WC) were determined (reported 
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as percent by mass). Procedures for total solids and water content analyses were taken 
from US EPA Standard Method 160.4 Residue, Volatile (gravimetric, ignition at 550oC) 
by Muffle Furnace as well as ASTM standard designation D2216-10, respectively.  
Sediments were homogenized and subsampled in triplicate, and a single scoop of 
mass ranging from 25-50g was collected for TS and LOI analysis. Samples were dried at 
105oC for 24 hours, weighed, and dried again at 105oC at one-hour intervals until dry 
mass remained consistent within four percent. Dried ground samples were ignited at 
550oC in a pre-heated muffle furnace for one hour, weighed, and ignited again at 550oC 
in 30-minute intervals until ignited mass remained consistent within four percent. Wet 
mass, final dry mass, and final ignited mass were recorded to a tenth of a gram at room 
temperature. 
2.4.3 Particle Size Distribution 
Sediment subsamples were analyzed in ‘as-received’ moisture conditions and 
homogenized to include any pore water which may have separated in storage. Gradation 
assessment of benthic sediment material was conducted to generate particle size 
distributions from combined sieve and hydrometer analysis. Despite the heterogeneity in 
sediment composition, sieve and hydrometer analysis procedures were performed for all 
sites following recommended procedures for the maximum particle size across all sites.  
Sieve analysis determines the mass contribution of various particle diameter ranges to 
the composite sediment sample. Particle size ranges are defined using square-grid sieves 
of defined mesh size corresponding to retained particle diameter limit. Hydrometer 
analysis (sedimentation) is specified for particle diameter less than 75 µm.  
Procedures followed were ASTM standard designation D6913/D6913M-17 (sieve 
analysis), Method B for a maximum particle size equal to or less than 4.75 mm (No. 4 
sieve), and D7928-17 (hydrometer analysis) for a 152H hydrometer. ASTM standards do 
not specify a particle size distinction between clay and silt, therefore USDA particle size 
 21 
classification limits (Burt, 2011) were used to determine particle size proportions from 
particle size distribution curves.  
Moist subsample preparation, without air or oven drying, was chosen as a consistent preparation 
method due to high variability of sediment composition between sites. A  250-mL volume ‘scoop’ was 
homogenized and subsampled according to the minimum dry mass requirements from Table A.1.2, 
ASTM D6913/D6913M-17 (Method B), and  
 
Table A.1.3, ASTM D7928-17, respectively. Dry mass (Md) was converted to wet 
mass (Mm) using water content (wc) calculated for each sample:  
Mୢ  ൌ  ୑ౣଵାቀ ౭ౙభబబቁ      ( 3 ) 
where  
Md … Dry mass (g)  
Mm … Wet (moist) mass (g) 
wc … Water content (%) 
Sieve Analysis  
Composite sieving, which uses multiple sieves in order of decreasing particle size, 
was chosen as a consistent sieving method as the maximum particle size at some sites fell 
within the diameter range of 4.75 mm to 1.9 mm. Sediment subsamples were washed 
through the composite sieves to effectively separate various particle sizes. Sieves 
included No. 5, 12, 40, 60, and 120 mesh sizes corresponding to retained particle 
diameters of 1, 2, 0.5, 0.25, and 0.125 mm, respectively (Table 2.3).  
 
Table 2.3 Square-grid sieves by number, mesh size, and particle size limit 
Sieve Number No. 5 No. 12 No. 40 No. 60 No. 120 
Mesh Size 5 mesh 10 Mesh 35 Mesh 60 Mesh 115 Mesh 
Particle Size Limit 4.00 mm 2.00 mm 0.500 mm 0.250 mm 0.125 mm 
Material retained in each sieve was transferred to an individual container of known 
mass and dried for 24 hours, weighed, and dried again at 105oC in one-hour intervals 
until dry mass remained consistent within four percent. Visible organic debris was 
removed from dried, retained material prior to obtaining final dried mass. Dried retained 
mass was weighed at room temperature and recorded to a hundredth of a gram.  
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Sediment material was also qualitatively assessed prior to drying retained samples or 
disposing of the fines-water slurries. These observations are subjective, but consistently 
applied at all sites to identify presence of mining byproducts (stamp sands, slime clays).  
Dry specimen mass was calculated from the wet specimen mass of the sieve 
subsample and its associated water content. The ratio of the dried retained mass (Mr) to 
dry specimen mass (Md) represents the percent retained material (Pr): 
P୰ ൌ 100 ቀ ୑౨୑ౚ ቁ      ( 4 ) 
where  
Pr … Percent retained material (%) 
Mr … Retained dry mass (g)  
Md … Dry mass (g) 
Cumulative percent retained outputs, in order of decreasing sieve size, were used to 
compute percent finer values for the coarse particle component of the particle size 
distribution curves.  
Hydrometer Analysis 
All samples were tested via hydrometer analysis without prior quantification of 
percent fines due to the limited sample mass available for testing. Consequently, 
hydrometer results from analyzed sites with less than 5% fine-grain material were 
disregarded upon conclusion of hydrometer tests, adhering to minimal requirements of 
fines (ASTM D7928-17).  
The hydrometer specimen was placed in a dispersion cup with 2.5 g sodium 
hexametaphosphate (dispersant) and mixed vigorously to generate a soil-water slurry. 
The slurry was diluted to one liter in a sedimentation cylinder and particles agitated into 
suspensions for initiation of the hydrometer test. Hydrometer (152H) and concurrent 
temperature measurements were recorded for 1, 2, 4, 15, 30, 60, 240, and 1440 minutes 
of elapsed time. Hydrometer measurements were recorded to the nearest half-division 
mark and temperature was recorded to tenth of a degree Celsius. Temperature and 
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hydrometer measurements were recorded for the control sedimentation cylinder at the 
sample start time and if the temperature of the sample slurry changed more than 0.5oC 
between measurements, for density-temperature calibration measurements concurrent 
with sample analysis.  
At the conclusion of the 1440-minute measurement, the sample slurry was washed 
through a No. 200 sieve and rinsed with excess distilled water to remove the dispersant. 
Retained material was transferred to an individual container of known mass and dried for 
24 hours, weighed, and dried again at 105oC in one-hour intervals until dry mass 
remained consistent within four percent. Dried, retained mass was recorded at room 
temperature and to a hundredth of a gram.  
For generation of the fines component of the particle size distribution curves, specific 
gravity of the sediment subsamples was estimated from literature values as 2.70 for both 
sand-silt-clay mixtures and dark-colored sand specimens3 (Coduto et al., 2010). Similar 
to sieve analysis, dry specimen mass was calculated from the wet specimen mass of the 
hydrometer subsample and its associated water content.  
The hydrometer readings were corrected for temperature-density variations using the 
calculated hydrometer offset. Corrected hydrometer readings were used to compute mass 
percent finer (Nm) for particles in suspension for each hydrometer reading:  
N୫  ൌ  0.6226 ቀ ୋୱୋୱ ିଵቁ ቀ
୚౩౦
୑ౚ ቁ ൫ r୫ െ rୢ,୫൯ ቀ
ଵ଴଴
ଵ଴଴଴ቁ   ( 5 ) 
where 
Nm … Mass percent finer (%) 
GS … Specific gravity of soil (dimensionless) 
Vsp … Volume of Suspension (cm3) 
Md … Dry specimen mass (g) 
rm … Hydrometer reading (cm) 
rd,m … Hydrometer offset (g/L) 
                                                 
3 Specific gravity estimation did not account for stamp sand inclusion in sediment samples.  
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Next, effective depth (Hm) was calculated using the mass percent finer for each 
hydrometer reading: 
H୫ ൌ H୰ଶ ൅ ቀୌ౨భିୌ౨మ୰మି୰భ ቁ ሺrଶ െ r୫ ൅ C୫ሻ െ ቀ
୚౞,ౘ
ଶ୅ౙ ቁ   ( 6 ) 
where 
Hm … Effective depth (cm) 
Hr1 … Hydrometer maximum, 18cm 
Hr2 … Hydrometer minimum, 7 cm 
r1 … Maximum hydrometer reading (cm) 
r2: … Minimum hydrometer reading (cm) 
rm … Hydrometer reading (cm) 
Cm … Meniscus correction, 0.25 g/L 
Vh,b … Hydrometer bulb volume, 58 cm3 
Ac … Cross-sectional area of the sedimentation cylinder, 7.5 cm2 
Finally, the maximum particle diameter (Dm) were calculated for a given elapsed time 
were calculated using the determined effective depths: 
D୫ ൌ 10ටቀ ଵ଼µ஡౭ ୥ ሺୋ౩ିଵሻቁ ቀ
ୌౣ
୲ౣ ቁ      ( 7 ) 
where,  
Dm … Particle diameter (mm)   
µ … Viscosity of water, 0.01g/cm s at 20oC  
ρw … Mass density of water, 0.99821g/cm3    
g … Acceleration due to gravity, 980.7cm2/s 
GS …Specific gravity of soil (dimensionless) 
Hm … Effective depth (cm) 
tm … Elapsed time (s) 
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Hydrometer Calibration 
Calibration of the hydrometer required a temperature-density correction computed as 
the hydrometer offset value associated with a given slurry temperature; equations are 
associated with the 152H hydrometer. The hydrometer readings for each elapsed-time 
measurement were corrected using a temperature-dependent hydrometer offset (rd,m):  
rୢ,୫ ൌ Bୟ୴୥ െ 0.01248 Tୡ െ 0.00795 Tୡଶ    ( 8 ) 
where,  
rd,m … Hydrometer offset (g/L) 
Bavg … Average mass shift (g/L) 
Tc … Control temperature (C) 
The hydrometer offset was computed using an average of the mass reading shift (B): 
B ൌ  m ൅  0.01248 Tୡ  ൅  0.00795 Tୡଶ    ( 9 ) 
where,  
B … Mass reading shift (g/L) 
m … Dispersant mass (g) 
Tc … Control temperature (C) 
The particle size distribution curves for both fine and coarse-grain components were 
constructed from the mass percent finer values associated with particle diameters 
computed (hydrometer) or acquired from sieve size (Figure A.5.1 through Figure A.5.40). 
USDA particle size classification limits (Burt, 2011) were used to determine particle size 
classifications from the generated particle size distribution curves.   
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3 Results 
3.1 Benthic Macroinvertebrate Community  
3.1.1 Macroinvertebrate Density 
Macroinvertebrate density4 per site varied greatly across Torch Lake (Figure 3.1), 
ranging from 77 to 9,783 individuals m-2, with a median of 1,478 individuals m-2. A 
spatial gradient within macroinvertebrate density was observed (Figure 3.2), with general 
trends of increasing density from west to east as well as north to south across the lake.  
Nearshore sites were regionally categorized by shoreline (Table 3.1), based on 
similarities in macroinvertebrate densities, proximity to historical mining activity, and 
sediment composition, described later in this section. Similarly, the northern sites were 
separated by basin morphometry and sediment composition (Figure 3.1) into northeast 
and northwest basin and the channel sites (Table 3.1).  
A maximum macroinvertebrate density of 9,783 individuals m-2 was observed at site 
0004 on the eastern shoreline (Figure 3.1). Some of the greatest density observations 
stretch from the channel portion of the northern basin (sites 1806 and 1807) down the 
eastern shoreline to sites 0005, 0006, 0008, and 0009. The northern basins also contain 
large densities of organisms, with the northwest basin sites (1808 to 1810) slightly greater 
than the northeast basin sites (1801 to 1805). Some of the lowest macroinvertebrate 
densities were observed at offshore sites, with a minimum density of 77 individuals m-2. 
In addition, very low densities peppered the western shoreline, occurring at sites 0007, 
0017, and 0018. Lastly, the remaining sites 0010 to 0014 along the southern shoreline 
contained moderate macroinvertebrate densities, in the mid-range of the entire lake’s 
distribution. 
  
                                                 
4 The benthic community results with assigned tolerances and functional groups, as well as corresponding 
water depths, are provided in Table A.2.7 through Table A.2.10 in the appendix. 
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Table 3.1 Macroinvertebrate densities (individuals m-2) 
   Nearshore sites Northern sites 
 Offshore sites 
Western 
Shoreline 
Eastern 
Shoreline 
Southern 
Shoreline Channel 
Northeast 
Basin 
Northwest 
Basin 
Median 250 609 3,130 1,696    
Mean 262±122 750±590 4,400±3,090 1,939±751 4,543±1,875 2,139±791 3,420±176 
Site 
Codes 99** 
0002, 0003, 
0007, 0015-0019 0004-0009 0010-0014 1806-1807 1801-1805 1808-1810 
 
 
Figure 3.1 Macroinvertebrate density 
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Figure 3.2 Interpolated map of macroinvertebrate density 
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3.1.2 Diversity Metrics 
Eighty-one and 24% of the recovered individuals were not specifically identified 
(NSI) to the genus and family level, respectively. Consequentially, diversity metrics were 
computed for the family taxa in lieu of genus or species. In addition, identification of 
soft-bodied taxa, annelids and nematodes, was limited to higher taxonomical levels, 
similar to the sampling resolution in the baseline survey.  
Taxa Richness 
Twenty-one distinct family taxa were identified across all sites. The dominant family 
was Chironomidae (29%), followed closely by Valvatidae and Chaoboridae (24% and 
18%, respectively) across all sites (Figure 3.3). The family taxa richness for offshore, 
nearshore, and northern sites were 9, 17, and 14 distinct taxa, respectively. Chironomidae 
was dominant in offshore, nearshore, and northern sites, whereas Valvatidae was not 
observed in offshore sites.  
 
Figure 3.3 Family taxa richness of identified individuals 
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Relative Abundance 
The ratio of phylum taxa for the entire lake was 24% annelids, 1% nematodes, 42% 
arthropods, and 33% mollusks (Figure 3.4). Individuals recovered from offshore sites 
were mostly arthropods (92%). The western shoreline, eastern shoreline, and channel 
sites had similar ratios of annelids, arthropods, and mollusks. The southern shoreline was 
predominately mollusks (90%). The northeast basin had more annelids, while the 
northwest basin was mostly arthropods.   
 
Figure 3.4 Macroinvertebrate density by phylum 
For the entire lake, the computed Shannon Index values5 ranged from 0.23 to 1.55, 
with a median of 0.81. Median H’ values for offshore, nearshore, and northern sites were 
                                                 
5 All calculated H’ values per site are provided in Table A.4.1 in the appendix. 
 31 
0.76, 0.83, and 0.81, respectively. The lowest diversity was observed in the western 
shoreline and northeast basin sites, with average H’ values of 0.6 and 0.64, respectively.  
The greatest diversity occurred in the channel sites and along the eastern and southern 
shorelines, with average H’ values of 1.32, 0.98, and 0.91, respectively. Shannon Index 
calculations did not account for family-level diversity within the Annelida and Nematoda 
phyla, which may alter diversity interpretations at sites exhibiting greater counts of soft-
bodied organisms (e.g., northwest basin).  
Functional Feeding Groups 
The dominant functional feeding group for all sites were gatherer-collectors (35%), 
followed by scrapers, predators, and filterer-collectors (28%, 15%, and 13%, 
respectively) (Figure 3.5). The dominant functional feeding group for offshore sites were 
gatherer-collectors (70%), while nearshore, and northern sites had more variability in 
feeding group composition. Southern sites were predominately scrapers (87%), while 
northeast and northwest basin had more predators (27 and 54%, respectively). 
Approximately 7% of individuals were not assigned a functional feeding group (Table 
A.2.7 through Table A.2.10). 
 
Figure 3.5 Functional feeding group proportions 
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Tolerance 
Genus-level tolerance values ranged from 4 to 9 for all sites, indicating few sensitive 
taxa. Approximately 40% of recovered individuals have tolerance values of 8 and 9, 
whereas only 2% had a tolerance value of 4 (Figure 3.6). The most common tolerance 
value among recovered individuals was 6 for offshore sites (46%) and 8 for nearshore 
and northern (41% and 43%, respectively). More sensitive individuals were observed 
along the eastern shoreline and in northeast basin and channel sites. Approximately 10% 
of individuals were not assigned a tolerance value (Table A.2.7 through Table A.2.10). 
 
Figure 3.6 Genus-level tolerance value distribution for recovered individuals 
For the entire lake, the Hilsenhoff family biotic indices6 ranged from 0.4 to 8.0, with 
a median of 5.49. The mean HBIf value for Torch Lake was 4.9±2.3 with a good water 
quality rating. Median HBIf values for offshore, nearshore, and northern sites were 6.02 
(22%NA), 5.81 (23%NA), and 1.98 (58%NA), respectively. HBIf water quality ratings 
indicate offshore and nearshore had fairly poor water quality. Northern sites had excellent 
water quality, particularly in the northwest and northeast basin sites. In contrast, the 
                                                 
6 Calculated HBIf values per site are summarized in Table A.4.2. 
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southern shoreline had very poor water quality on average. Both the western and eastern 
shoreline had an average water quality rating of good.  
Given that low density sites (0007, 0018) and high-density sites (0004, 1806-07) had 
similar water quality ratings, the population weight of the HBIf calculation may be 
skewing tolerance ratings for small populations. In addition, approximately 37% of 
individuals were not assigned a family-level tolerance value, which may affect the 
validity of computed Hilsenhoff family biotic index values. 
 
Figure 3.7 Hilsenhoff family biotic indices and associated water quality rating 
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3.2 Sediment Properties  
3.2.1 Heavy Metals 
Solid-phase metals concentrations (mg/kg)7 are summarized and compared with 
consensus-based Threshold Effect Concentrations (TEC) and Probable Effect 
Concentrations (PEC) (MacDonald et al., 2000) in Table 3.2 and mapped in Figure 3.8 
through Figure 3.15.  
Metal concentrations at most sites were below TEC levels, except for cadmium, 
copper, and nickel (Table 3.2). Arsenic, lead, and mercury concentrations were below 
detection limit (ND) at some sites. In contrast, most sites exceeded PEC levels for 
cadmium and copper. Generally, greater metal concentrations occurred along the western 
shoreline and in the offshore and northwest basin sites, whereas the eastern shoreline 
possessed the lowest metal concentrations. Arsenic and mercury concentrations were low 
across the lake, with no spatial pattern.  
 
Table 3.2 Number of sites exceeding heavy metal TEC and PEC 
 ND Less than TEC Between TEC & PEC Greater than PEC 
Arsenic 36 90% 3 8% 1 3% 0 0% 
Cadmium 0 0% 4 10% 9 23% 27 68% 
Chromium 0 0% 25 63% 14 35% 1 3% 
Copper 0 0% 2 5% 3 8% 35 88% 
Lead 2 5% 23 58% 12 30% 3 8% 
Mercury 10 25% 29 73% 1 3% 0 0% 
Nickel 0 0% 11 28% 21 53% 8 20% 
Zinc 0 0% 24 60% 15 38% 1 3% 
 
  
                                                 
7 All solid-phase trace metals concentrations (mg/kg) are provided in Table A.2.11 and Table A.2.12 with 
TEC and PEC in the appendix. 
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Figure 3.8 Arsenic concentrations in sediment samples 
 
Figure 3.9 Cadmium concentrations in sediment samples 
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Figure 3.10 Chromium concentrations in sediment samples 
 
Figure 3.11 Copper concentrations in sediment samples 
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Figure 3.12 Mercury concentrations in sediment samples 
 
Figure 3.13 Lead concentrations in sediment samples 
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Figure 3.14 Nickel concentrations in sediment samples 
 
Figure 3.15 Zinc concentrations in sediment samples 
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3.2.2 Organic Content 
Volatile solid (VS, proxy for organic content)8 across Torch Lake ranged from 0.1% 
to 15.1%, with a median of 5.8%.  The median VS content for offshore and northern sites 
was 10.4% and 1.7% for nearshore sites. Organic content was lowest along the eastern 
shoreline, at the channel sites, and at sites positioned near the stamp sand piles (Figure 
3.16).  
 
Figure 3.16 Percent volatile solids in sediment samples 
  
                                                 
8 The proportions of volatile solids, total solids, and water content in the sediment samples are summarized 
in Table A.2.13 and Table A.2.14 in the appendix. 
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3.2.3 Particle Size Distributions 
Torch Lake sediments are highly variable in composition9, comprised of silts and 
sands, either natural or stamp sands (Figure 3.17). Offshore sediments were 
predominantly composed of fines (44 to 70%) with a visible distinction between silty 
post-mining sediment and slime clays in each Ponar grab (Figure 1.4). In contrast, 
nearshore and northern sites were highly varied in composition, ranging from silts to fine 
gravel with varying contributions of particle sizes (Figure 3.17). The western shoreline 
appears to contribute most to this variability, with sediments majorities ranging from fine 
gravel to silty fines. The eastern shoreline, channel, and northwest basin sites possess 
similar sediment particles sizes in the range of fine silt to medium sand. Variation in 
sediment composition is visually apparent (Figure 3.18) with samples ranging from dark 
brown silt (site 0001) to light brown natural sand (eg. site 0005) to coarser stamp sand 
(eg. site 0007) to purplish-grey of slime clay impacted sediment (eg. site 0014).  
                                                 
9 All particle size classifications with majority particle size are summarized in Table A.2.15 through Table 
A.2.16 in the appendix. 
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Figure 3.17 Particle size distribution in sediment samples 
 
 
Figure 3.18 Nearshore sediments with site codes 
0001  0004  0007  0010  0013  0016 0019 
0002  0005  0008  0011  0014  0017 0020 
0003  0006  0009  0012  0015  0018  
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3.2.4 Sediment Observations 
Post-mining sediment thickness (PMST)10 ranged from greater than the depth of the 
petite Ponar (approximately 11cm) to not accruing in a measurable vertical quantity. In 
such cases, post-mining sediment was minimal to not present, especially in sand-
dominant sediments. Post-mining sediment was identified as brown silt but did not 
consider natural sand deposition from the watershed. PMST is greatest in the northern 
basins (Figure 3.19) and minimal from the channel sites down the eastern shoreline.  
 
Figure 3.19 Post-mining sediment thickness 
  
                                                 
10 PMST, sediment color, and presence of mining byproducts (stamps sands, slime clays), and presence of 
macrophytes are summarized in Table A.2.17 and Table A.2.18 in the appendix. 
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Macrophytes were present in some of the nearshore sites, mostly in the southern end 
of the lake (Figure 3.20). Stamp sands were observed at sites near the stamp sand piles 
and along the eastern shoreline (Figure 3.21). Slime clays were observed primary in 
offshore sites and in the southern end of the lake but were not observed along the eastern 
shoreline and in the northern sites (Figure 3.22).  
 
Figure 3.20 Macrophyte presence 
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Figure 3.21 Stamp sand presence 
 
Figure 3.22 Slime clays presence 
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4 Discussion  
4.1 Comparison to Baseline 
To ensure effective comparison to the baseline benthic conditions, sampling and 
processing of the benthic community samples followed baseline methodologies. 
Taxonomical reporting conventions established in the baseline survey were maintained 
but sorting efficiency may differ between surveys. Comparisons were only made between 
the 30 original sites (offshore and nearshore sites, excluding northern sites). Given 
differences in site coordinates and water depths between surveys, individual site 
comparisons between 2018 and the baseline were not considered.  
4.1.1 Macroinvertebrate Density 
Across the lake, 26 of the 30 original sites had greater macroinvertebrate densities, 
suggesting an overall increasing trend (Figure 4.1)11. The range remained similar to the 
1999/2000 data, but the median density increased from 152 to 622 individuals m-2.  
However, the mean densities for each sample population are not significantly different 
(paired t-test, p = 0.23). When considering log-transformed distributions, the mean for 
this study was significantly greater than the baseline mean (paired t-test, p < 0.05), 
implying large density outliers are positively skewing both distributions.  If outliers 
(greater than 1.5×Q3) are removed from each distribution, the mean for the modified 
updated survey (1,017 individuals m-2) is significantly greater (paired t-test, p < 0.05) 
than the modified baseline (262 individuals m-2), supporting an overall increase in 
macroinvertebrate densities with large variance within each sample distribution.  
 
                                                 
11 All benthic macroinvertebrate results from the baseline survey (USEPA, 2001) are summarized in Table 
A.7.1 through Table A.7.5 in the appendix. 
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Offshore densities were significantly greater than the baseline (paired t-test, p < 0.05). 
On the other hand, changes in nearshore densities were more varied. It was unexpected 
that the greatest increases in density occurred in the offshore (Figure 4.1), but increases in 
individual counts at low densities may appear more dramatic than similar increases at 
greater densities.  
 
Figure 4.1 Pairwise comparison of macroinvertebrate density per site surveys  
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Offshore densities remained lower compared with densities in the rest of the lake 
(Figure 4.2). Nearshore densities were statistically distinct between the eastern, southern, 
and western shorelines in 2018 (ANOVA single-factor and t-test assuming unequal 
variances, p < 0.05) but were not in the baseline (ANOVA single-factor, p = 0.65). In 
addition, eastern shoreline densities were significantly greater than those reported in the 
baseline (paired t-test, p < 0.05) as well as rest of the lake in 2018 (t-test assuming 
unequal variance, p < 0.05). This implies spatial dependence for macroinvertebrate 
density and recovery. 
 
Figure 4.2 Macroinvertebrate densities for the baseline (left) and 2018 (right) surveys 
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4.1.2 Macroinvertebrate Diversity 
Taxa Richness  
The number of family taxa observed in Torch Lake was greater in 2018 compared to 
the baseline, suggesting increased diversity within 30 original sites. Taxa richness for 
offshore and nearshore sites in the updated survey was also greater. Chironomidae (30%) 
and Hydrobiidae (20%) were the dominate taxa, similar to the baseline, implying the 
overall community structure remained the same. 
Relative Abundance  
The relative abundance per phylum has increased since the baseline (Figure 4.3), 
particularly with the number of site observations of mollusks (scrapers), suggesting the 
possibility of increased algae/biofilm productivity in some area of the lake (Covich et al., 
1999). However, there were no significant differences (paired t-test, p > 0.05) in any 
macroinvertebrate density distributions within each phylum between baseline and 2018, 
similar to the lake-wide comparison of density, implying spatial dependency for increases 
in macroinvertebrate diversity.  
 
Figure 4.3 Relative abundance of phyla observed per site 
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The range of site-specific Shannon Indices (0.23 – 1.26) was similar to the baseline 
(0.35 – 1.23), with a slight increase in the median H’ value, from 0.69 to 0.81 (Figure 
4.4). However, means for each H’ distribution were not significantly different (paired t-
test, p = 0.48), implying similar diversity within the benthos. Despite the greater taxa 
richness, the overall community structure and diversity remained the same. 
 
Figure 4.4 Shannon Indices (H’) from 2018 and baseline 
Functional Feeding Groups 
The dominant functional feeding group from the baseline findings was also gatherer-
collectors (43%), with 11% of recovered individuals for not assigned a functional feeding 
group. The distribution of functional feeding groups was different between 2018 and 
baseline conditions (Figure 4.5); there are fewer gatherer-collectors and more scrapers. 
Fewer gatherers-collectors implies less detrital processing within the benthos (Cummins, 
1973). Shredders and scrapers feed on vascular plant tissue (macrophytes) and attached 
algae or biofilms, respectively (Covich et al., 1999). Greater populations of scrapers may 
imply greater primary productivity in the lake as well as potential changes in habitat for 
supporting plant growth (Hodkinson & Jackson, 2005). In addition, the number of 
individuals in the omnivore and predator classes are slightly increased in 2018 
conditions. Increased numbers of omnivores and predators imply a more complex benthic 
 50 
food web, able to support higher trophic levels. Finally, decreased numbers of filterer-
collectors in 2018 may imply a decrease in suspended particles within the water column 
(Goodyear & McNeill, 1999).  
 
Figure 4.5 Functional group distributions from 2018 and baseline 
Tolerance 
The general distributions of genus-level tolerance values were similar between 2018 
and baseline conditions, with a maximum of 10 versus 9 and a minimum of 4 (Figure 
4.6). A slightly greater portion of individuals fell within tolerance of 7 – 8 in 2018. 
Tolerance values represent organism sensitivity to ecological disturbances (Bode et al., 
1996; Barbour et al., 1999), therefore similar community sensitivity between 2018 and 
the baseline may imply similar habitat quality. In addition, more sensitive taxa, such as 
Mysis, Gammarus, and Ephemeroptera (mayflies) were observed in 2018, which has not 
been previously reported.  
 
Figure 4.6 Tolerance value distributions from 2018 and baseline 
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The range of HBIf values remained similar between baseline and 2018 conditions (0.8 
– 8.0 and 0.6 – 8.0, respectively). The baseline median was 6.0 (mean of 5.4±2.1), 
corresponding to a water quality rating of fair to fairly poor. The HBIf values calculated 
for each survey distribution were not significantly different (paired t-test, p = 0.71) 
(Figure 4.7). Water quality rating also did not change for offshore and nearshore sites 
(fairly poor). The lack of a statistically significant difference in HBIf values indicates 
water quality remained similar from baseline to 2018.  
  
Figure 4.7 Comparison of calculated Hilsenhoff family biotic indices (HBIf) 
 
4.1.3 Is there evidence of recovery? 
A slight but statistically significant increase in macroinvertebrate density was 
observed since the baseline survey in 1999/2000, implying modest evidence of recovery. 
Interpreting the temporal trend implied by these surveys is complicated by the high 
variance within density distributions. Abundance of each phylum per site and taxa 
richness has increased, but the overall dominance in the community structure was 
unchanged. Generally, the tolerance level of the benthos has not changed, implying 
continued suppression by ecological disturbances or maintained water quality. However, 
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observations of more sensitive taxa were site specific, indicating benthic recovery varies 
spatially.  
The eastern shoreline exhibited greater macroinvertebrate densities than the rest of 
the lake as well as a statistically significant difference in baseline and 2018 conditions, 
therefore conditions along the eastern shoreline may be facilitating recovery. In contrast, 
site 0007, along the western shoreline, has very low macroinvertebrate densities and high 
metal concentrations due to its close proximity to the Hubbell smelter and slag pile 
(Mandelia, 2016; Warburton, 1987), and exhibited minimal changes in macroinvertebrate 
density. Consequently, this may be a region where natural processes are not facilitating 
recovery. 
Variable benthic community conditions and rates of recovery may be related to 
habitat heterogeneity in the lake. Functional group composition indicates an increase in 
trophic levels in the lake as well as a shift in benthic functions from detrital processing to 
primary and secondary consumption. This implies a more complex food web as well as 
changes in benthic habitat and food availability (Goodyear & McNeil, 1999; Cummins, 
1973). 
Assessing only the baseline and 2018 survey does not clearly describe temporal 
trends in the benthic community. Broadening the scope to consider data from earlier 
studies of Torch Lake, however, provides addition evidence that macroinvertebrate 
densities have increased. In 1970, Massey (1970) observed a maximum of 172 individual 
m-2 near the mouth of the Trap Rock River. Also, ranges of 22 – 1,774 individual m-2 in 
1970, 0 – 1,539 individual m-2 in 1972, and 0 – 301 individual m-2 in 1979 were reported 
for Torch Lake (Evans, 1973; MDNR, 1987). The 2004 monitoring survey reported 
macroinvertebrate densities ranging from 0 – 250 individual m-2 at select baseline sites in 
Torch Lake (MACTEC, 2008).  While these studies may not be directly comparable in 
terms of sampling methodologies and locations, a general trend of recovering benthic 
community densities can be inferred. More importantly, this also shows the need for an 
appropriate reference site to gauge degree of benthic degradation (Grapentine, 2009; 
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Duffy et al., 2017), which is not incorporated in many of the benthos and toxicity studies 
for Torch Lake (West et al., 1973; MDNR, 1987; Cusack & Mihelcic, 1999; US EPA, 
2001; MACTEC, 2008).  
There are limited studies on benthic macroinvertebrate communities in undisturbed, 
oligotrophic lakes. Macroinvertebrate surveys are predominately focused on river and 
stream systems (Bech & Hatch, 2009). Most of the lakes and reservoirs surveyed are 
ecologically disturbed by nutrient pollution, such as Spirit Lake or Lake Winnebago, WI 
(Breneman, 2000; Heling et al., 2018). These lakes are typically located in highly 
developed areas and possess very shallow bathymetry, contributing to problems with 
eutrophication. Large, deep lakes, such as the Laurentian Great Lakes or Lake Tahoe, 
CO, are often oligotrophic, but are also very deep which alters the distribution of 
dissolved oxygen, temperature, and suspended solids (Nalepa et al., 1998; Lozano et al., 
2003; Nalepa et al., 2007; Frantz & Cordone, 1996; Ayuushsuren & Shcherbina, 2015). 
These lake characteristics determine the condition and structure of the benthic 
community, and therefore restrict inter-lake comparisons of macroinvertebrate 
communities (Beck & Hatch, 2009).  
Considering abundances generally reported in benthic surveys, total organism 
densities range from 1,000 to 10,000 individuals m-2. Most surveys do not report less than 
1,000 individuals m-2. In Torch Lake, macroinvertebrate densities observed at the 
northern sites and along the eastern and southern shorelines do fall within this range 
(Figure 3.1). In contrast, the offshore sites and sites along the western shoreline are much 
lower in density. It can be inferred that macroinvertebrate densities on the eastern side of 
Torch Lake are potentially approaching a recovered state, whereas other areas in the lake 
are still heavily impaired. 
Changes in ecological systems, either recovery or degradation, can be difficult to 
detect with a degree of confidence if they are relatively small in comparison to natural 
variability, seasonally or annually (Johnson, 1998). Seasonality is an important 
consideration for monitoring accuracy (Resh & Jackson, 1993; Johnson, 1998). The 2018 
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sampling (August 6 - 7 & September 3, 2018) occurred later in the summer than the 
baseline sampling (July 29, 1999 & July 17 – 18, 2000), coinciding with the late summer 
emergence period of most insects (Jansson, 2004). Consequentially, arthropod 
distributions may be different if sampled earlier in the summer.  
Another variable in long-term benthic monitoring is the efficiency of sieving and 
sampling methods (Jonasson, 2004; Johnson, 1998). Large variation can often occur 
between replicate samples and extensive efforts are required to obtain enough data to 
detect statistically significant changes in fauna (Baumgärtner et al., 2008).  
Sampling protocols were established in the baseline survey and maintained in the 
updated survey for comparison purposes, such as the inclusion of vertically migratory 
species such as Chaoborus, which may conflict with other established benthic sampling 
regimes. In addition, family-level metrics computed for both surveys did not include soft-
bodied taxa such as annelids and nematodes. 
4.2 Northern Sites  
The mean macroinvertebrate density for the northern sites was significantly different 
than nearshore sites in the main portion of the lake (t-test assuming unequal variance, p = 
0.12). The northern and the eastern shoreline sites had the greatest observed 
macroinvertebrate densities across the lake (Figure 3.1). Among the northern sites, 
channel macroinvertebrate densities were greatest. The northern sites are quite 
heterogeneous in basin morphology and sediment composition (Figure 3.17), and 
consequentially categorized as the northeast basin, northwest basin, and channel sites 
(Table 3.1).  
Sediments in the channel sites was composed of mostly stamp sands with low organic 
content and PMST, similar to the course-grained sediments along the eastern shoreline. 
On the other hand, the sediments in northeast and northwest basins had greater silt 
fractions, organic content, and PMST. 
 55 
Channel sites are potentially influenced by currents that provide a continuous supply 
of oxygen and particulate food sources, similar to a river or stream. The northeast basin is 
connected directly to the mouth of the Trap Rock River and contains predominately silty 
sediments with some stamp sands (e.g. site 1804) due to the proximity to the stamp sand 
pile. In contrast, the northwest basin is hydrologically isolated and has a single 
connection to the northeast basin. Sediments in the northwest basin (site 1808) were 
black with a notable sulfide smell, indicating anoxic conditions potentially due to limited 
hydrological exchange in the basin.  
There is a strong link between the Trap Rock River and sediment deposition in the 
northeast basin sites, whereas the northwest basin may rely on in-lake productivity to 
drive new sediment accumulation. In the main portion of the basin, offshore and 
nearshore sites may depend on in-lake currents and sediment focusing to provide new 
sediment rather than direct tributary input.  
Metal concentrations were greater in the northwest basin and lower in the channel 
sites, which may be linked to distribution of dissolved oxygen and sediment composition 
at these sites. However, macroinvertebrate densities in the northwest basin are similar to 
channel sites and the eastern shoreline. This implies macroinvertebrate densities may be 
influenced by currents and depositional zones resulting from proximity to the Trap Rock 
River.  
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4.3 Spatial Drivers of Density 
Considering all sites, macroinvertebrate density was negatively correlated with water 
depth (Spearman’s ρ = -0.66, p < 0.05)12, as anticipated prior to sampling. Water depth 
was significantly different between the offshore and nearshore/northern sites (t-test 
assuming unequal variance, p < 0.05), therefore these site categories were evaluated 
separately. In contrast, basin slope was not statistically different between offshore, 
nearshore, and northern sites (t-test assuming unequal variance, p < 0.05), therefore it 
was not considered as a distinguishing factor between sites.  
 
Figure 4.8 Linear regression of water depth and log-transformed macroinvertebrate density 
  
                                                 
12 Spearman’s rank correlation coefficient matrices (p < 0.05) for all sites, offshore sites, and combined 
nearshore/northern sites are summarized in Table 4.1, Table 4.2, and Table 4.3, respectively.  
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Water depth was consistent among offshore sites and not correlated to offshore 
macroinvertebrate densities. Without considering offshore sites, macroinvertebrate 
density was still negatively correlated with water depth (Spearman’s ρ = -0.46), 
indicating depth-dependency within the shallower sites. As water depth was not 
statistically distinct between nearshore and northern sites (t-test assuming unequal 
variance, p = 0.65), these sites were combined for correlation analysis and referenced 
collectively as the nearshore. 
In addition, macroinvertebrate density across all sites was positively correlated with 
latitude (Spearman’s ρ = 0.44), indicating an increasing spatial trend from south to north 
in the lake (Figure 3.2). Without considering offshore sites, macroinvertebrate density 
was positively correlated with latitude (Spearman’s ρ = 0.45) and negatively correlated 
with longitude (Spearman’s ρ = -0.56), indicating a northeastern trend of increasing 
macroinvertebrate density within the nearshore. It can be inferred that spatial dependency 
in macroinvertebrate density results from heterogeneity in the lake. 
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4.3.1 Tailings, Metals, and Macroinvertebrate Density  
Across all sites, macroinvertebrate density was also negatively correlated with all 
metal concentrations (other than arsenic due to the amount of non-detects, Table 4.1). 
Metal concentrations tend to exhibit a longitudinal gradient with increasing 
concentrations from east to west, as well as depth-dependency with greater 
concentrations in the offshore and along the western shoreline. Previous spatial analysis 
of metals in Torch Lake describes greater metal concentrations along the western 
shoreline, except for copper which was consistently elevated across the lake (Mandelia, 
2016)13. In addition, chromium, mercury, and zinc concentrations tended to increase 
towards the center of the lake. Spatial variability in metal concentrations is attributed to 
dredging, varying metal content in ores and waste stream composition during the mining 
era, and sediment transport mechanics, such as erosion, basin scouring, and focusing 
(Mandelia, 2016; Urban et al., 2018, Baker, 2007; McDonald et al., 2010).  
While macroinvertebrate densities in nearshore were negatively correlated with 
cadmium and chromium concentrations, they are not correlated with copper (Table 4.3). 
However, copper is considered the primary driver of sediment toxicity in Torch Lake 
(Mandelia, 2016; Urban et al., 2018). Copper concentrations were consistently elevated 
across Torch Lake, with only 2 of the 40 sampled sites falling below TEC levels. 
Consistently elevated copper concentrations and spatially varying macroinvertebrate 
densities implies that spatially-dependent factors modulate the effect of copper on the 
benthos.  
Nearshore/northern macroinvertebrate densities were linked with the presence of 
slime clays (t-test assuming unequal variances, p < 0.05), with as the mean densities of 
1,513±745 and 2,700±2,112 individuals m-2 were observed with and without the presence 
of slime clays, respectively. In contrast, the presence of stamps sands in 
                                                 
13 Metal concentrations were determined from inclusive sediment samples, incorporating post-mining and 
mining-era sediment, as well as potential byproducts. 
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nearshore/northern sediments did not statistically affect macroinvertebrate density (t-test 
assuming unequal variances, p = 0.48). Slime clays have higher copper concentrations 
than stamp sands due to the larger surface area for adsorption (Kerfoot et al., 2007). 
Observed presence of tailings did not account for quantity, species, or particle size, other 
than distinguishing slime clays from stamp sands. Therefore, particle size and habitat 
preference may drive differences in macroinvertebrate abundance.  
4.3.2 Sand versus Silt 
Nearshore/northern metal concentrations were negatively correlated with the fraction 
of sand in sediments (Table 4.3). The eastern shoreline and channel sites exhibited some 
of the greatest macroinvertebrate densities in the lake, and were primarily composed of 
natural sand and some stamp sand. On the other hand, sites on the western shoreline 
(0007, 0018), which were also composed of mostly course-grained stamp sand, exhibited 
some of the lowest macroinvertebrate densities. In addition, sites along the western 
shoreline on stamp sands piles were much lower in macroinvertebrate density compared 
to sites near the northern stamp sand pile, which exhibited some of the greatest 
macroinvertebrate densities in the lake. These differences may be attributed to the 
proximity of historical mining activity on the western shoreline as well as the proximity 
to the Trap Rock River on the eastern/northern shoreline.    
Offshore macroinvertebrate densities exhibited a high positive correlation with 
volatile solids (Spearman’s ρ = 0.73). PMST is positively correlated with water depth and 
silt content, that are also correlated with volatile solids (Table 4.2). It can be inferred that 
an organic cap is forming, which may promote detoxification of solid-phase copper 
through natural organic complexation (Jeong et al., 1999; Kerfoot et al., 2007; Cusack & 
Mihelcic, 1999). 
In contrast, metal concentrations in nearshore were positively correlated with silt 
content (Table 4.3). Previous core studies have shown the high porosity (70-95%) in 
deposited, silty sediments facilitates upward diffusion of dissolved metal concentrations 
 63 
from underlying toxic sediments and tailings (Kerfoot et al., 2007; McDonald et al., 
2010).  
The difference in PMST and macroinvertebrate densities in the offshore and 
nearshore may be attributed to lake zones. The littoral zone possesses herbivore 
populations reliant on plant growth, whereas the profundal zone is dominated by 
detritivores that rely on organic material produced in the littoral zone (Jansson, 2004). 
These functional groups interact with sediments differently, resulting in different toxicity 
sensitivity and routes of exposure (West et al., 1993; Buikema & Benfield, 1979). In 
addition, physical and chemical characteristics (temperature, oxygen, light, etc.) are 
different in these two zones, which also modulate the extent to which solid-phase metals 
are mobilized (Jeong et al., 1999).  
Mine tailings, metal concentrations, and macroinvertebrate densities are not directly 
related. Instead, the effects of tailings and metal concentrations on macroinvertebrate 
abundance are modulated by spatially dependent physical and chemical properties in the 
nearshore, as well as the depth dependence of sediment properties between the offshore 
and nearshore.  
4.3.3 Sediment Transport and In-Lake Productivity 
In addition to the Trap Rock River, there are other smaller perennial tributaries listed 
in the National Hydrology Dataset (NHD, https://viewer.nationalmap.gov/basic/) for the 
Torch Lake watershed. However, only a few sampling sites are located near a perennial 
tributary inlet in the main portion of the lake: 0018, 0009, and 0016. This is in contrast 
with the proximity of the Trap Rock River in the northern basins, which is effectively 
extended beyond its denoted inlet by the channelization between the stamp sand pile and 
the eastern shoreline.  
Watershed characteristics and in-lake productivity affect sediment composition, 
which in turn affects the benthic community (Johnson & Goedkoop). Shoreline wetlands 
and littoral productivity may increase production of organic material to facilitate natural 
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organic complexation and detoxification of copper (Kerfoot et. al, 2007; Cusack & 
Mihelcic, 1999). However, macrophytes are sparse in Torch Lake (USEPA, 1992), and 
the presence of macrophytes in littoral habitats did not have a statistically significant 
effect on macroinvertebrate density (t-test assuming unequal variance, p < 0.05) in this 
study. Wetland coverage appears to have increased in recent years along the vegetated 
stamp sand piles and is relatively high surrounding the northern basins (Figure 2.2). The 
shift in benthic functional groups may imply increases in primary productivity in the 
nearshore. 
4.4 Future Monitoring Recommendations 
Habitat heterogeneity is an important consideration for improving monitoring 
accuracy and reducing sample variance (Johnson, 1998; Resh & Jackson, 1993). Historic 
dredging, byproduct deposition, and the inherent variability of large lake systems 
contribute to Torch Lake’s complexity and render this sampling scheme too coarse to 
effectively determine the effects of localized characteristics on the benthic community.  
Spatial patterns in the lake are driven by spatial variation within the 
nearshore/northern sites. Therefore, refining a nearshore/northern sampling regime would 
facilitate a more complete assessment of environmental drivers of benthic conditions and 
recovery. Habitat differences also influence benthic community structure. Stratifying 
sampling by habitat differences (water depth, lake zone, substrate type, etc.) or expanding 
the lake-wide sampling for replication of habitat types would improve benthic 
monitoring, while also assessing shoreline productivity. Similarly, updating temperature 
and oxygen profiles for Torch Lake would facilitate defining lake zones (littoral, 
sublittoral, profundal) and also improve benthic monitoring (Jansson, 2004). 
The relationships between sediment composition and macroinvertebrate density 
highlight the importance of physical and chemical characteristics of habitat and water 
quality in modulating the condition of the benthic community. Few studies on water 
quality and sediment transport in Torch Lake have been conducted; the focus of historical 
surveys has been on metal concentrations. Metal concentrations do not appear to be 
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drastically changing in recent years (cf. Mandelia, 2016), but here we have presented 
evidence of ecological improvements.  
Most importantly, future monitoring efforts require an appropriate reference site to 
gauge the degree of benthic degradation (Grapentine, 2009; Duffy et al., 2017), which 
has not yet been incorporated in benthic monitoring surveys (US EPA, 2001; MACTEC, 
2008). Lake morphometry, algal productivity, and water chemistry are viewed as good 
parameters for comparisons of benthic communities between lakes (Bailey et al., 1995; 
Jackson & Harvey, 1993), further highlighting the need for a better understanding of 
water quality in Torch Lake to facilitate establishing future reference sites.  
In addition, biotic metrics or integrity indices are often better alternatives to intensive 
taxonomical identification (Beck & Hatch, 2009; Hodkinson & Jackson, 2005). An 
effective reference site may facilitate establishing appropriate restoration targets for 
Torch Lake as well as developing robust biotic metrics for target conditions to simplify 
benthic monitoring and potentially allow for more frequent surveys to offset annual 
variability (Resh & Jackson, 1993; Barbour et al., 1999). 
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5 Conclusions 
In comparison with the baseline (1999 and 2000), an overall increase in 
macroinvertebrate densities was observed. However, there was a large degree of variance 
within each density distribution.  
Macroinvertebrate densities exhibited a northeast gradient across the lake, with the 
greatest densities observed in the channel portion of the northern basin and along the 
eastern shoreline to outlet of the lake. These areas also exhibited high diversity, based on 
functional group, tolerance, and phylum composition and abundance. In contrast, 
offshore and western shoreline sites had very low macroinvertebrate densities and 
diversity.  
Water depth was a primary driver of benthic community density and composition. 
Offshore sites generally were low in macroinvertebrate diversity. However, although 
nearshore and northern sites were statistically similar in water depth distributions, 
macroinvertebrate densities, tolerance distributions, community structure, and functional 
group composition varied greatly in different areas in the lake. The northern and the 
eastern shoreline sites exhibited the greatest observed macroinvertebrate densities across 
the lake, which may result from proximity to the Trap Rock River, creating currents and 
depositional zones. 
Most metal concentrations displayed a longitudinal gradient, increasing east to west, 
as well as a depth-dependency, with greater concentrations in deeper water. Most sites 
exceeded PEC levels for cadmium and copper, but below consensus-based TEC levels, 
except for cadmium, copper, and nickel. Arsenic and mercury concentrations were low 
across the lake and copper concentrations were consistently elevated, without spatial 
trends. Metal concentrations were correlated to high silt content and lower concentrations 
were observed in high sand sediments.  
Mine tailings, metal concentrations, and macroinvertebrate density are not directly 
related. The presence of stamps sands did not significantly affect macroinvertebrate 
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density, but organism abundances were lowered in the presence of slime clays. The 
relative effects of tailings and metal toxicity on macroinvertebrate abundance are 
modulated by a spatially dependent physical and chemical properties in the nearshore, as 
well as the depth dependence of sediment properties between the offshore and nearshore.  
Variability in density and diversity are attributed to habitat heterogeneity across the 
lake, specifically within the nearshore/northern sites. Stratifying sampling by habitat 
differences (water depth, lake zone, substrate type, etc.) to control for habitat variability 
in the nearshore/northern region would facilitate a more complete assessment of 
environmental drivers of benthic conditions and recovery. An appropriate reference site is 
also needed to gauge degree of benthic degradation and to provide future restoration 
targets for the AOC. 
 
 68 
6 References 
 
Adams, W., Kimerle, R.A. & Barnett, J.W. (1992). Sediment Quality and Aquatic Life 
Assessment. Environmental Science and Technology, 26(10), 1864-1875. 
https://doi.org/10.1021/es00034a001 
Alexander, M. (2008). A Sediment Chemistry Survey of Torch Lake, Houghton County, 
Michigan, August 7, 8, and 9, 2007. Michigan Department of Water Quality 
(MDEQ), Surface Water Assessment Section, Water Bureau, Lansing, MI 
APHA. (1999). Method 208E, Section 2540: Standard Methods for the Examination of 
Water and Wastewater (14th ed.). American Public Health Association (APHA), 
American Water Works Association, Water Environmental Federation, 
Washington D.C. 
ASTM International. (2010). ASTM D2216-10 Standard Test Methods for Laboratory 
Determination of Water (Moisture) Content of Soil and Rock by Mass, West 
Conshohocken, PA. https://doi.org/10.1520/D2216-10 
ASTM International. (2017). ASTM D6913/D6913M-17 Standard Test Methods for 
Particle-Size Distribution (Gradation) of Soils Using Sieve Analysis, West 
Conshohocken, PA. https://doi.org/10.1520/D6913_D6913M-17 
ASTM International. (2017). ASTM D7928-17 Standard Test Method for Particle-Size 
Distribution (Gradation) of Fine-Grained Soils Using the Sedimentation 
(Hydrometer) Analysis, West Conshohocken, PA. https://doi.org/10.1520/D7928-
17 
Ayuushsuren, C., & Shcherbina, G. (2015). Species Composition and Structure of 
Macrozoobenthos in Lake Ulaagchny Khar (Mongolia). Inland Water Biology, 
8(4), 366–372. https://doi.org/10.1134/S1995082915040045 
Bailey, R., Day, K., Norris, R. & Reynoldson, T. (1995). Macroinvertebrate Community 
Structure and Sediment Bioassay Results from Nearshore Areas of North 
American Great Lakes. Journal of Great Lakes Research, 21(1), 42–52. 
https://doi.org/10.1016/S0380-1330(95)71019-X 
Baker, S.L.W. (2007) The Michigan Department of Environmental Quality Biennial 
Remedial Action Plan Update for the Torch Lake Area of Concern. Michigan 
Department of Environmental Quality Water Bureau, Aquatic Nuisance Control 
& Remedial Action Unit. Lansing, MI 
 69 
Barbour, M.T., Gerritsen, J., Snyder, B.D. & Stribling, J.B. (1999). Rapid Bioassessment 
Protocols for Use in Streams and Wadeable Rivers: Periphyton, Benthic 
Macroinvertebrates, and Fish. Second Edition. U.S. Environmental Protection 
Agency (US EPA). Washington, D.C. 
Baumgärtner, D., Mörtl, M. & Rothhaupt, K. (2008). Effects of Water-Depth and Water-
Level Fluctuations on the Macroinvertebrate Community Structure in the Littoral 
Zone of Lake Constance. Hydrobiologia, 613(1), 97–107. 
https://doi.org/10.1007/s10750-008-9475-0 
Beck, M. & Hatch, L. (2009). A Review of Research on the Development of Lake Indices 
of Biotic Integrity. Environmental Reviews, 17, 21–44. 
https://doi.org/10.1139/A09-001 
Blais, J. & Kalff, J. (1995). The Influence of Lake Morphometry on Sediment Focusing. 
Limnology and Oceanography, 40(3), 582–588. 
https://doi.org/10.4319/lo.1995.40.3.0582 
Bode, R.W., Novak, M.A. & Abele, L.E. (1996). Quality Assurance Work Plan for 
Biological Stream Monitoring in New York State. NYS Department of 
Environmental Conservation, Albany, NY 
Breneman, D., Richards, C., & Lozano, S. (2000). Environmental Influences on Benthic 
Community Structure in a Great Lakes Embayment. Journal of Great Lakes 
Research, 26(3), 287–304. https://doi.org/10.1016/S0380-1330(00)70693-9 
Buikema, A. & Benfield, E. (1979). Use of Macroinvertebrate Life History Information 
in Toxicity Tests. Journal of the Fisheries Board of Canada, 36(3), 321–328. 
https://doi.org/10.1139/f79-050 
Burt, R. (2011). Soil Survey Laboratory Information Manual. Soil Survey Investigations 
Report No. 45, Version 2.0. U.S. Department of Agriculture, Natural Resources 
Conservation Service. Lincoln, NE  
Burton, T., Uzarski, D., Gathman, J., Genet, J., Keas, B. & Stricker, C. (1999). 
Development of A Preliminary Invertebrate Index of Biotic Integrity for Lake 
Huron Coastal Wetlands. Wetlands, 19(4), 869–882. 
https://doi.org/10.1007/BF03161789 
Coduto, D., Yeung, M. & Kitch, W. (2010). Geotechnical Engineering: Principles and 
Practices (2nd ed.). Pearson, NJ 
 70 
Cairns, J. & Pratt, J. (1993). A history of biological monitoring using benthic 
macroinvertebrates: Freshwater Biomonitoring and Benthic Macroinvertebrates. 
Chapman and Hall, NY. pp. 10–27. 
Covich, A., Palmer, M. & Crowl, T. (1999). The Role of Benthic Invertebrate Species in 
Freshwater Ecosystems: Zoobenthic species influence energy flows and nutrient 
cycling. BioScience, 49(2), 119–127. https://doi.org/10.2307/1313537 
Cusack, C. & Mihelcic, J. (1999). Sediment Toxicity from Copper in the Torch Lake 
(MI) Great Lakes Area of Concern. Journal of Great Lakes Research, 25(4), 735–
743. https://doi.org/10.1016/S0380-1330(99)70773-2 
Cummins, K. (1973). Trophic relations of aquatic insects. Annual Review of Entomology, 
(18), 183–206. https://doi.org/10.1146/annurev.en.18.010173.001151 
De Haas, E., Wagner, C., Koelmans, A., Kraak, M. & Admiraal, W. (2006). Habitat 
Selection by Chironomid Larvae: Fast Growth Requires Fast Food. Journal of 
Animal Ecology, 75(1), 148–155. https://doi.org/10.1111/j.1365-
2656.2005.01030.x 
Evans, E. 1973. Evaluation of a Cupric Ammonium Carbonate Spill into Torch Lake, 
Houghton County, Michigan. Michigan Department of Natural Resources. 
Lansing, MI. Referenced in MNDR, 1987. 
Fargasová, A. (1999). Ecotoxicology of metals related to freshwater benthos. General 
Physiology and Biophysics, 18, 48–53.  
Frantz, T., & Cordone, A. (1996). Observations on the Macrobenthos of Lake Tahoe, 
California-Nevada. California Fish and Game, 82(1), 1–41. 
Free, G., Solimini, A., Rossaro, B., Marziali, L., Giacchini, R., Paracchini, B. & Cardoso, 
A. (2009). Modelling Lake Macroinvertebrate Species in the Shallow Sublittoral: 
Relative Roles of Habitat, Lake Morphology, Aquatic Chemistry and Sediment 
Composition. Hydrobiologia, 633(1), 123–136. https://doi.org/10.1007/s10750-
009-9869-7 
Goodyear, K. & McNeill, S. (1999). Bioaccumulation of Heavy Metals by Aquatic 
Macro-Invertebrates of Different Feeding Guilds: A Review. Science of the Total 
Environment, 229(1-2), 1–19. https://doi.org/10.1016/S0048-9697(99)00051-0 
Heatherly, T., Whiles, M., Knuth, D. & Garvey, J. (2005). Diversity and Community 
Structure of Littoral Zone Macroinvertebrates in Southern Illinois Reclaimed 
Surface Mine Lakes. The American Midland Naturalist, 154(1), 67–77. 
https://doi.org/10.1674/0003-0031(2005)154[0067:DACSOL]2.0.CO;2 
 71 
Heling, C.L., Stelzer, R.S., Drecktrah, H.G., & Koenigs, R.P. (2018). Spatial Variation of 
Benthic Invertebrates at the Whole-Ecosystem Scale in a Large Eutrophic Lake. 
Freshwater Science, 37(3), 605-617. https://doi.org/10.1086/699386 
Hilsenhoff, W. (1982). Using a Biotic Index to Evaluate Water Quality in Streams. 
Technical Bulletin No. 132 [PDF file]. Department of Natural Resources, 
Madison, WI. Retrieved from https://dnr.wi.gov/files/PDF/pubs/ss/SS0132.pdf 
Hilsenhoff, W. (1987). An Improved Biotic Index of Organic Stream Pollution. Great 
Lakes Entomologist, 20(1), 31–40. 
https://scholar.valpo.edu/cgi/viewcontent.cgi?article=1591&context=tgle 
Hilsenhoff, W. (1988). Rapid Field Assessment of Organic Pollution with a Family-Level 
Biotic Index. Journal of the North American Benthological Society, 7(1), 65–68. 
https://doi.org/10.2307/1467832 
Hodkinson, I. & Jackson, J. (2005). Terrestrial and Aquatic Invertebrates as Bioindicators 
for Environmental Monitoring, with Particular Reference to Mountain 
Ecosystems. Environmental Management, 35(5), 649–666. 
https://doi.org/10.1007/s00267-004-0211-x 
Jackson, D. & Harvey, H. (1993). Fish and Benthic Invertebrates: Community 
Concordance and Community-Environment Relationships. Canadian Journal of 
Fisheries and Aquatic Sciences, 50(12), 2641–2651. https://doi.org/10.1139/f93-
287 
James, W. & Barko, J. (1993). Sediment Resuspension, Redeposition, and Focusing in a 
Small Dimictic Reservoir. Canadian Journal of Fisheries and Aquatic Sciences, 
50(5), 1023–1028. https://doi.org/10.1139/f93-118 
Jeong, J., Urban, N. & Green, S. (1999). Release of Copper from Mine Tailings on the 
Keweenaw Peninsula. Journal of Great Lakes Research, 25(4), 721–734. 
https://doi.org/10.1016/S0380-1330(99)70772-0 
Johnson, R. (1998). Spatiotemporal variability of temperate lake macroinvertebrate 
communities: detection of impact. Ecological Applications, 8(1), 61–70. 
https://doi.org/10.1890/1051-0761(1998)008[0061:SVOTLM]2.0.CO;2 
Johnson, R. & Goedkoop, W. (2002). Littoral macroinvertebrate communities: spatial 
scale and ecological relationships. Freshwater Biology, 47(10), 1840–1854. 
https://doi.org/10.1046/j.1365-2427.2002.00932.x 
Jonasson, P.M. (2004). Benthic Invertebrates: The Lakes Handbook, Volume 1. 
Limnology and Limnetic Ecology. Blackwell Science, MA. pp. 341–416. 
 72 
Kraft, K. & Sypniewski, R. (1981). Effect of Sediment Copper on the Distribution of 
Benthic Macroinvertebrates in the Keweenaw Waterway. Journal of Great Lakes 
Research, 7(3), 258–263. https://doi.org/10.1016/S0380-1330(81)72053-7 
Kerfoot, W.C., Lauster, G., & Robbins, J. (1994). Paleolimnological Study of Copper 
Mining around Lake Superior: Artificial Varves from Portage Lake Provide a 
High Resolution Record. Limnology and Oceanography, 39(3), 649–669. 
https://doi.org/10.4319/lo.1994.39.3.0647 
Kerfoot, W.C., Urban, N.R. & Green, S. (2007). Sediment core studies of biotic recovery 
following mining perturbations in Torch Lake (Superfund site), Michigan 
Technological University. Houghton, MI 
Long, D.T., Fett, J. & Simpson, S. (2000). Temporal and spatial distributions of copper in 
sediments of Torch Lake, Upper Peninsula, Michigan. Appendix to US EPA 
(2001) Baseline study report Torch Lake Superfund site, Houghton County, 
Michigan. 
Lozano, S., Scharold, J., & Nalepa, T. (2001). Recent Declines in Benthic 
Macroinvertebrate Densities in Lake Ontario. Canadian Journal of Fisheries and 
Aquatic Sciences, 58(3), 518–529. https://doi.org/10.1139/f01-002 
MacDonald, D., Ingersoll, C. & Berger, T. (2000). Development and Evaluation of 
Consensus-Based Sediment Quality Guidelines for Freshwater Ecosystems. 
Environmental Contamination and Toxicology, 39(1), 20–31. 
https://doi.org/10.1007/s002440010075 
Macdonald, D. & Ingersoll, C. (2002). A Guidance Manual to Support the Assessment of 
Contaminated Sediments in Freshwater Ecosystems Volume I - An Ecosystem-
Based Framework for Assessing and Managing Contaminated Sediments. U.S. 
Environmental Protection Agency (US EPA), Washington, DC 
MACTEC (2008). Monitoring Report Torch Lake Superfund Site. MACTEC 
Engineering and Consulting of Michigan, Inc. Novi, MI 
Magar, V.S. (2001). Natural Recovery of Contaminated Sediments. Journal of 
Environmental Engineering, 127(6), 473–474. 
https://doi.org/10.1061/(ASCE)0733-9372(2001)127:6(473)  
Malueg, K., Schytema, G., Krawczy, D. & Gakstatter, J. (1984). Laboratory Sediment 
Toxicity Tests, Sediment Chemistry and Distribution of Benthic 
Macroinvertebrates in Sediments from the Keweenaw Waterway, Michigan. 
 73 
Environmental Toxicology and Chemistry, 3(2), 233–242. 
https://doi.org/10.1002/etc.5620030206 
Mandaville, S.M. (2002). Benthic Macroinvertebrate in Freshwaters – Taxa Tolerance 
Values, Metrics, and Protocols. Soil & Water Conservation Society of Metro 
Halifax. Nova Scotia, Canada 
Mandelia, A. (2016). Polychlorinated Biphenyl Compound and Metal Contamination and 
Remediation in Torch Lake, Houghton County, MI. ProQuest Dissertations 
Publishing. Retrieved from http://search.proquest.com/docview/1806138078/ 
Massey, A., 1970. Biological Evaluation of Torch Lake, Houghton, Michigan, Michigan 
Water Resources Commission, B.O.W.M., Department of Natural Resources. 
Michigan Water Resources Commission, Lansing, MI. Referenced in Urban et al., 
2018. 
McDonald, C.P. & Urban, N.R. (2004). Assessing the Effectiveness of Monitored Natural 
Recovery in a Copper Mining Impacted Lake. Appendix to MACTEC (2008). 
Monitoring Report Torch Lake Superfund Site. Traverse City, MI 
McDonald, C., Urban, N., Barkach, J. & McCauley, D. (2010). Copper Profiles in the 
Sediments of a Mining-Impacted Lake. Journal of Soils and Sediments, 10(3), 
343–348. https://doi.org/10.1007/s11368-009-0171-0 
McDonald, C.P. (2018). Torch Lake AOC benthos monitoring (Project #18-AOC-008): 
Quality Assurance Project Plan (QAPP). June 2018. Great Lakes Research 
Center, Michigan Technological University, Houghton, MI 
MDNR (1987). Michigan Department of Natural Resources Remedial Action Plan for 
Torch Lake Area of Concern. Michigan Department of Natural Resources, 
Surface Water Quality Division. Lansing, MI 
Medine, A. J. & McCutcheon, S. C. (1989). Fate and Transport of Sediment-Associated 
Contaminants. EPA/600/D-89/269, NTIS/PB90-137068, U. S. Environmental 
Protection Agency (US EPA), Washington, D.C. 
Merritt, R. & Cummins, K. (1996). An Introduction to the Aquatic Insects of North 
America (3rd ed.). Kendall and Hunt Publishing Company, IO  
Mulligan, C. & Yong, R. (2004). Natural Attenuation of Contaminated 
Soils. Environment International, 30(4), 587–601. 
https://doi.org/10.1016/j.envint.2003.11.001  
 74 
Nalepa, T., Hartson, D., Fanslow, D., Lang, G., & Lozano, S. (1998). Declines in Benthic 
Macroinvertebrate Populations in Southern Lake Michigan, 1980-1993. Canadian 
Journal of Fisheries and Aquatic Sciences, 55(11), 2402–2413. 
https://doi.org/10.1139/f98-112 
Nalepa, T., Fanslow, D., Pothoven, S., Foley, A., & Lang, G. (2007). Long-term Trends 
in Benthic Macroinvertebrate Populations in Lake Huron over the Past Four 
Decades. Journal of Great Lakes Research, 33(2), 421–436. 
https://doi.org/10.3394/0380-1330(2007)33[421:LTIBMP]2.0.CO;2 
New, T. (1995). Introduction to Invertebrate Conservation Biology. Oxford University 
Press, Oxford 
NRCS (2007). Watersheds, Hydrologic Units, Hydrologic Unit Codes, Watershed 
Approach, and Rapid Watershed Assessments [PDF file]. US Department of 
Agriculture, National Resource Conservation Service. Retrieved from 
https://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb1042207.pdf 
Resh, V. & Jackson, J. (1993). Rapid assessment approaches to biomonitoring using 
benthic macroinvertebrates. Freshwater Monitoring and Benthic 
Macroinvertebrates. Chapman and Hall, NY pp. 195-233 
Sypniewski, R.H. (1977). Benthos, Particle Size Composition, and Sediment Copper 
Comparisons between the North and South Keweenaw Waterway Entries. 
Michigan Technological University, Houghton, MI 
Thorp, J. & Covich, A. (2010). Ecology and Classification of North American Freshwater 
Invertebrates (3rd ed). Academic Press, Amsterdam 
 Tolonen, K., Haemaelaeinen, H., Holopainen, I., Karjalainen, J. & Tolonen, K. (2001). 
Influences of Habitat Type and Environmental Variables on Littoral 
Macroinvertebrate Communities in a Large Lake System. Fundamental and 
Applied Limnology/Archiv Fuer Hydrobiologie, 152(1), 39–67.  
Urban, N.R., MacLennan, C.A. & Perlinger, J.A. (2018). An Integrated Assessment of 
Torch Lake Area of Concern. Michigan Technological University. Houghton, MI 
US EPA (1992). Record of decision: Decision summary Torch Lake site operable units I 
and III Houghton County, Michigan. U. S. Environmental Protection Agency 
Region 5. Chicago, IL 
US EPA (1994). Record of decision: Decision summary Torch Lake superfund site 
operable unit II, Houghton County, Michigan. U. S. Environmental Protection 
Agency Region 5. Chicago, IL 
 75 
US EPA (2001). Baseline study report Torch Lake Superfund site, Houghton County, 
Michigan. U. S. Environmental Protection Agency Region 5, Superfund Division 
and Fully Integrated Environmental Location Decision Support (FIELDS) Group. 
Chicago, IL 
US EPA. (2002). Standard Operating Procedure for Benthic Invertebrate Field Sampling. 
LG406. U.S. Environmental Protection Agency (US EPA), Washington, DC 
US EPA. (2012). 2012 National Lakes Assessment Laboratory Operations Manual. EPA-
841-B-11-004. U.S. Environmental Protection Agency (US EPA), Washington, 
DC 
Warburton, W. (1987). Hydrology and Copper Budget of Torch Lake Houghton County, 
Michigan. Michigan Technological University, Houghton, MI  
West, C., Mattson, V., Leonard, E., Phipps, G. & Ankley, G. (1993). Comparison of the 
Relative Sensitivity of Three Benthic Invertebrates to Copper-Contaminated 
Sediments from the Keweenaw Waterway. Hydrobiologia, 262(1), 57–63. 
https://doi.org/10.1007/BF00010989 
Wright, T., Leddy, D., Brandt, D. & Virnig, T. (1973). Water Quality Alternation of 
Torch Lake, Michigan by Copper Leach Liquor. Proceedings - Conference on 
Great Lakes Research, (16), 329–244. 
Yanko, J.M. (1969). The Biological and Chemical Effects of Saline Mine Water on the 
Receiving Water System. Michigan Technological University, Houghton, MI 
 
  
76 A 
Ap
pe
nd
ix 
 
A.
1 
Me
tho
ds
 R
efe
ren
ce
 Ta
ble
s 
 
Ta
ble
 A.
1.1
 To
ler
an
ce 
val
ues
 fo
r m
od
ifie
d H
ilse
nh
off
 Fa
mi
ly 
Bio
tic
 In
de
x 
Or
de
r 
Fa
mi
ly 
To
ler
an
ce
 
Va
lue
 
Or
de
r 
Fa
mi
ly 
To
ler
an
ce
 
Va
lue
 
Or
de
r 
Fa
mi
ly 
To
ler
an
ce
 
Va
lue
 
Or
de
r 
Fa
mi
ly 
To
ler
an
ce
 
Va
lue
 
Diptera 
Ath
eri
cid
ae
 
2 
Am
ph
ipo
da
 
Ga
mm
ari
da
e 
4 
Odonata 
Ae
sh
nid
ae
 
3 
 
Oli
go
ch
ae
ta 
8 
Ble
ph
ari
ce
rid
ae
 
0 
Hy
ale
llid
ae
 
8 
Ca
lop
ter
yg
ida
e 
5 
Trichoptera 
Bra
ch
yc
en
trid
ae
 
1 
Blo
od
-re
d 
Ch
iro
no
mi
da
e 
(C
hir
on
om
ini)
 
8 
Ta
litr
ida
e 
8 
Co
en
ag
rio
nid
ae
 
9 
Ca
lam
oc
era
tid
ae
 
3 
Ephemeroptera 
Ba
eti
da
e 
4 
Co
rdu
leg
as
trid
ae
 
3 
Glo
sso
so
ma
tid
ae
 
0 
Ot
he
r 
Ch
iro
no
mi
da
e 
6 
Ba
eti
sci
da
e 
3 
Co
rdu
liid
ae
 
5 
He
lico
ps
ych
ida
e 
3 
Ce
rat
op
og
on
ida
e 
6 
Ca
en
ida
e 
7 
Go
mp
hid
ae
 
1 
Hy
dro
ps
ych
ida
e 
4 
Do
loc
ho
po
did
ae
 
4 
Ep
he
me
rel
lid
ae
 
1 
Le
stid
ae
 
9 
Hy
dro
pti
lid
ae
 
4 
Dr
yo
pid
ae
 
5 
Ep
he
me
rid
ae
 
4 
Lib
ellu
lid
ae
 
9 
Le
pid
os
tom
ati
da
e 
1 
Elm
ida
e 
4 
He
pta
ge
niid
ae
 
4 
Ma
cro
mi
ida
e 
3 
Le
pto
ce
rid
ae
 
4 
Em
pid
ida
e 
6 
Le
pto
ph
leb
iid
ae
 
2 
Plecoptera 
Ca
pn
iid
ae
 
1 
Mo
lan
nid
ae
 
6 
Ep
hy
dri
da
e 
6 
Me
tre
top
od
ida
e 
2 
Ch
lor
op
erl
ida
e 
1 
Od
on
toc
eri
da
e 
0 
Mu
sci
da
e 
6 
Oli
go
ne
uri
ida
e 
2 
Le
uc
trid
ae
 
0 
Ph
ilpo
tam
ida
e 
3 
Ps
ep
he
nid
ae
 
4 
Po
lym
ita
rcy
ida
e 
2 
Lim
ne
ph
ilid
ae
 
4 
Ph
ryg
an
eid
ae
 
4 
Ps
ych
od
ida
e 
10
 
Po
tom
an
thi
da
e 
4 
Ne
mo
uri
da
e 
2 
Po
lyc
en
tro
po
did
ae
 
6 
Sim
ulii
da
e 
6 
Sip
hlo
nu
rid
ae
 
7 
Pe
rlid
ae
 
1 
Ps
ych
om
yiid
ae
 
2 
Sy
rph
ida
e 
10
 
Tri
co
ryt
hid
ae
 
4 
Pe
rlo
did
ae
 
2 
Rh
ya
co
ph
ilid
ae
 
0 
Ta
ba
nid
ae
 
6 
Le
pid
op
ter
a 
Py
ral
ida
e 
5 
Pte
ron
arc
yid
ae
 
0 
Se
ric
os
tom
ati
da
e 
3 
Tip
ulid
ae
 
3 
Po
lyc
ha
eta
 
Sa
be
llid
ae
 
6 
Ta
en
iop
ter
yg
ida
e 
2 
Ue
no
ida
e 
3 
 
R
ef
er
en
ce
s:
 B
od
e 
et
 a
l.,
 1
99
6;
 H
au
er
 a
nd
 L
am
be
rti
, 1
99
6;
 H
ils
en
ho
ff,
 1
98
8;
 P
la
fk
in
 e
t a
l.,
 1
98
9;
 T
ab
le
 m
od
ifi
ed
 fr
om
 M
an
da
vi
lle
, 2
00
2.
 
 
 
  
77 
Ta
ble
 A.
1.2
 M
ini
mu
m 
Ma
ss 
Re
qu
ire
me
nts
 fo
r S
iev
e A
na
lys
is S
ub
sam
pli
ng
 
Sit
e C
od
e 
We
t M
as
s (
g) 
Sit
e C
od
e 
We
t M
as
s (
g) 
Sit
e C
od
e 
We
t M
as
s (
g) 
Sit
e C
od
e 
We
t M
as
s (
g) 
99
01
 
50
0 
1 
30
0 
11
 
20
0 
18
01
 
30
0 
99
02
 
40
0 
2 
60
0 
12
 
20
0 
18
02
 
30
0 
99
03
 
50
0 
3 
40
0 
13
 
20
0 
18
03
 
30
0 
99
04
 
60
0 
4 
10
0 
14
 
20
0 
18
04
 
10
0 
99
05
 
40
0 
5 
10
0 
15
 
20
0 
18
05
 
20
0 
99
06
 
60
0 
6 
10
0 
16
 
20
0 
18
06
 
10
0 
99
07
 
30
0 
7 
10
0 
17
 
20
0 
18
07
 
10
0 
99
08
 
30
0 
8 
20
0 
18
 
10
0 
18
08
 
40
0 
99
09
 
50
0 
9 
10
0 
19
 
30
0 
18
09
 
30
0 
99
10
 
60
0 
10
 
20
0 
20
 
10
0 
18
10
 
50
0 
R
ef
er
en
ce
: A
S
TM
 D
69
13
/D
69
13
M
-1
7 
(s
ie
ve
 a
na
ly
si
s)
, M
et
ho
d 
B
 
  
Ta
ble
 A.
1.3
 M
ini
mu
m 
Ma
ss 
Re
qu
ire
me
nts
 fo
r H
yd
rom
ete
r A
na
lys
is S
ub
sam
pli
ng
 
Sit
e C
od
e 
We
t M
as
s (
g) 
Sit
e C
od
e 
We
t M
as
s (
g) 
Sit
e C
od
e 
We
t M
as
s (
g) 
Sit
e C
od
e 
We
t M
as
s (
g) 
99
01
 
30
0 
1 
10
0 
11
 
10
0 
18
01
 
10
0 
99
02
 
20
0 
2 
30
0 
12
 
10
0 
18
02
 
20
0 
99
03
 
20
0 
3 
20
0 
13
 
10
0 
18
03
 
20
0 
99
04
 
30
0 
4 
10
0 
14
 
10
0 
18
04
 
10
0 
99
05
 
20
0 
5 
10
0 
15
 
10
0 
18
05
 
10
0 
99
06
 
30
0 
6 
10
0 
16
 
10
0 
18
06
 
10
0 
99
07
 
10
0 
7 
10
0 
17
 
10
0 
18
07
 
10
0 
99
08
 
20
0 
8 
10
0 
18
 
10
0 
18
08
 
20
0 
99
09
 
30
0 
9 
10
0 
19
 
10
0 
18
09
 
10
0 
99
10
 
30
0 
10
 
10
0 
20
 
10
0 
18
10
 
30
0 
R
ef
er
en
ce
: A
S
TM
 D
79
28
-1
7 
(h
yd
ro
m
et
er
 a
na
ly
si
s)
 fo
r a
 1
52
H
 h
yd
ro
m
et
er
 
  
78 A.
2 
Su
rve
y D
ata
se
ts 
(20
18
) 
 
Ta
ble
 A.
2.1
 Be
nth
ic c
om
mu
nit
y s
am
ple
 in
for
ma
tio
n (
nea
rsh
ore
 sit
es)
 
 
Sit
e 
Co
de
 
Sta
tio
n 
Lo
ca
tio
n 
Sa
mp
le 
ID
 
Co
lle
cti
on
 
Da
te 
Sa
mp
le 
Tim
e 
Pr
oc
es
s 
Da
te 
Bo
at 
Sa
mp
lin
g 
Eq
uip
me
nt 
La
titu
de
 
Lo
ng
itu
de
 
Wa
ter
 D
ep
th 
 
(m
) 
(ft)
 
Nearshore sites 
00
01
 
TL
00
01
 
TL
18
-00
01
-R
E 
09
/03
/18
 
1:5
6 P
M 
09
/04
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.18
23
1 
88
.40
38
5 
3.3
 
10
.8 
00
02
 
TL
00
02
 
TL
18
-00
02
-R
E 
09
/03
/18
 
12
:01
 PM
 
09
/05
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.17
87
3 
88
.41
55
 
13
.9 
45
.6 
00
03
 
TL
00
03
 
TL
18
-00
03
-R
E 
09
/03
/18
 
10
:00
 AM
 
09
/07
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.15
24
4 
88
.45
27
9 
6.6
 
21
.7 
00
04
 
TL
00
04
 
TL
18
-00
04
-R
E 
09
/03
/18
 
1:4
7 P
M 
09
/04
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.18
07
4 
88
.39
36
4 
1.2
 
3.9
 
00
05
 
TL
00
05
 
TL
18
-00
05
-R
E 
09
/03
/18
 
1:2
7 P
M 
09
/04
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.17
40
4 
88
.39
57
7 
1.3
 
4.3
 
00
06
 
TL
00
06
 
TL
18
-00
06
-R
E 
09
/03
/18
 
1:1
4 P
M 
09
/05
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.16
71
8 
88
.40
01
6 
2.4
 
7.9
 
00
07
 
TL
00
07
 
TL
18
-00
07
-R
E 
09
/03
/18
 
12
:10
 PM
 
09
/05
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.17
32
2 
88
.42
52
4 
5.2
 
17
.1 
00
08
 
TL
00
08
 
TL
18
-00
08
-R
E 
09
/03
/18
 
1:0
5 P
M 
09
/05
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.16
07
2 
88
.40
47
7 
2.2
 
7.2
 
00
09
 
TL
00
09
 
TL
18
-00
09
-R
E 
09
/03
/18
 
12
:48
 PM
 
09
/05
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.15
73
2 
88
.40
90
2 
1.8
 
5.9
 
00
10
 
TL
00
10
 
TL
18
-00
10
-R
E 
09
/03
/18
 
11
:00
 AM
 
09
/06
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.15
57
1 
88
.41
98
5 
2.5
 
8.2
 
00
11
 
TL
00
11
 
TL
18
-00
11
-R
E 
09
/03
/18
 
11
:09
 AM
 
09
/06
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.15
67
2 
88
.42
57
3 
2.5
 
8.2
 
00
12
 
TL
00
12
 
TL
18
-00
12
-R
E 
09
/03
/18
 
9:4
5 A
M 
09
/06
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.15
01
0 
88
.44
27
9 
3 
9.8
 
00
13
 
TL
00
13
 
TL
18
-00
13
-R
E 
09
/03
/18
 
9:3
6 A
M 
09
/06
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.14
31
4 
88
.44
77
6 
1.6
 
5.2
 
00
14
 
TL
00
14
 
TL
18
-00
14
-R
E 
09
/03
/18
 
8:3
4 A
M 
09
/06
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.13
39
3 
88
.45
47
4 
1.7
 
5.6
 
00
15
 
TL
00
15
 
TL
18
-00
15
-R
E 
09
/03
/18
 
9:0
1 A
M 
09
/07
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.13
85
1 
88
.46
13
6 
1.5
 
4.9
 
00
16
 
TL
00
16
 
TL
18
-00
16
-R
E 
09
/03
/18
 
10
:16
 AM
 
09
/07
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.15
62
1 
88
.44
41
4 
3.3
 
10
.8 
00
17
 
TL
00
17
 
TL
18
-00
17
-R
E 
09
/03
/18
 
10
:27
 AM
 
09
/07
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.15
98
4 
88
.43
49
 
7.2
 
23
.6 
00
18
 
TL
00
18
 
TL
18
-00
18
-R
E 
09
/03
/18
 
9:1
5 A
M 
09
/07
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.14
54
0 
88
.45
74
4 
1.3
 
4.3
 
00
19
 
TL
00
19
 
TL
18
-00
19
-R
E 
09
/03
/18
 
12
:23
 PM
 
09
/05
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.17
06
5 
88
.42
99
1 
7.8
 
25
.6 
00
20
 
TL
00
20
 
TL
18
-00
20
-R
E 
09
/03
/18
 
12
:35
 PM
 
09
/06
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.16
38
6 
88
.42
54
1 
5.2
 
17
.1 
 
 
  
79 
  
Ta
ble
 A.
2.2
 Se
dim
en
t sa
mp
le i
nfo
rm
ati
on
 (n
ear
sho
re 
site
s) 
 
Sit
e 
Co
de
 
Sta
tio
n 
Lo
ca
tio
n 
Sa
mp
le 
ID
 
Co
lle
cti
on
 
Da
te 
Sa
mp
le 
Tim
e 
Bo
at 
Sa
mp
lin
g 
Eq
uip
me
nt 
La
titu
de
 
Lo
ng
itu
de
 
Wa
ter
 D
ep
th 
 
(m
) 
(ft)
 
Nearshore sites 
 
00
01
 
TL
00
01
 
TL
18
-00
01
-S
ED
 
08
/07
/18
 
10
:00
 AM
 
R/
V A
ga
ss
iz 
Pe
tite
 Po
na
r 
47
.18
22
8 
-88
.40
37
3 
0.5
 
1.6
 
00
02
 
TL
00
02
 
TL
18
-00
02
-S
ED
 
08
/06
/18
 
4:4
0 P
M 
R/
V A
ga
ss
iz 
Pe
tite
 Po
na
r 
47
.17
88
 
-88
.41
54
4 
11
.9 
39
.0 
00
03
 
TL
00
03
 
TL
18
-00
03
-S
ED
 
08
/06
/18
 
10
:45
 AM
 
R/
V A
ga
ss
iz 
Pe
tite
 Po
na
r 
47
.15
25
1 
-88
.45
28
3 
3.8
 
12
.5 
00
04
 
TL
00
04
 
TL
18
-00
04
-S
ED
 
08
/09
/18
 
12
:40
 PM
 
Po
lar
 
Pe
tite
 Po
na
r 
47
.18
07
1 
-88
.39
34
9 
1.2
 
3.9
 
00
05
 
TL
00
05
 
TL
18
-00
05
-S
ED
 
08
/09
/18
 
1:1
0 P
M 
Po
lar
 
Pe
tite
 Po
na
r 
47
.17
40
4 
-88
.39
58
6 
1.4
 
4.6
 
00
06
 
TL
00
06
 
TL
18
-00
06
-S
ED
 
08
/09
/18
 
1:4
0 P
M 
Po
lar
 
Pe
tite
 Po
na
r 
47
.16
70
9 
-88
.40
04
7 
2.4
 
7.9
 
00
07
 
TL
00
07
 
TL
18
-00
07
-S
ED
 
08
/06
/18
 
3:4
0 P
M 
R/
V A
ga
ss
iz 
Pe
tite
 Po
na
r 
47
.17
32
1 
-88
.42
49
3 
2.8
 
9.2
 
00
08
 
TL
00
08
 
TL
18
-00
08
-S
ED
 
08
/09
/18
 
2:0
0 P
M 
Po
lar
 
Pe
tite
 Po
na
r 
47
.16
06
9 
-88
.40
18
8 
2.2
 
7.2
 
00
09
 
TL
00
09
 
TL
18
-00
09
-S
ED
 
08
/09
/18
 
2:3
0 P
M 
Po
lar
 
Pe
tite
 Po
na
r 
47
.15
73
3 
-88
.40
91
9 
1.8
 
5.9
 
00
10
 
TL
00
10
 
TL
18
-00
10
-S
ED
 
08
/09
/18
 
8:2
0 A
M 
Po
lar
 
Pe
tite
 Po
na
r 
47
.15
57
 
-88
.41
95
3 
2.5
 
8.2
 
00
11
 
TL
00
11
 
TL
18
-00
11
-S
ED
 
08
/09
/18
 
8:5
0 A
M 
Po
lar
 
Pe
tite
 Po
na
r 
47
.15
54
6 
-88
.42
01
6 
2.5
 
8.2
 
00
12
 
TL
00
12
 
TL
18
-00
12
-S
ED
 
08
/06
/18
 
11
:10
 AM
 
R/
V A
ga
ss
iz 
Pe
tite
 Po
na
r 
47
.14
99
9 
-88
.44
29
 
1.3
 
4.3
 
00
13
 
TL
00
13
 
TL
18
-00
13
-S
ED
 
08
/09
/18
 
9:2
0 A
M 
Po
lar
 
Pe
tite
 Po
na
r 
47
.14
55
 
-88
.45
12
9 
1.6
 
5.2
 
00
14
 
TL
00
14
 
TL
18
-00
14
-S
ED
 
08
/09
/18
 
10
:00
 AM
 
Po
lar
 
Pe
tite
 Po
na
r 
47
.13
39
05
6 
-88
.45
46
9 
1.5
 
4.9
 
00
15
 
TL
00
15
 
TL
18
-00
15
-S
ED
 
08
/09
/18
 
10
:20
 AM
 
Po
lar
 
Pe
tite
 Po
na
r 
47
.13
51
 
-88
.46
13
2 
1.5
 
4.9
 
00
16
 
TL
00
16
 
TL
18
-00
16
-S
ED
 
08
/09
/18
 
11
:15
 AM
 
Po
lar
 
Pe
tite
 Po
na
r 
47
.15
61
6 
-88
.44
41
9 
3.3
 
10
.8 
00
17
 
TL
00
17
 
TL
18
-00
17
-S
ED
 
08
/06
/18
 
12
:05
 PM
 
R/
V A
ga
ss
iz 
Pe
tite
 Po
na
r 
47
.15
98
6 
-88
.43
48
7 
4.7
 
15
.4 
00
18
 
TL
00
18
 
TL
18
-00
18
-S
ED
 
08
/09
/18
 
10
:45
 PM
 
Po
lar
 
Pe
tite
 Po
na
r 
47
.14
53
2 
-88
.45
73
 
1.3
 
4.3
 
00
19
 
TL
00
19
 
TL
18
-00
19
-S
ED
 
08
/06
/18
 
1:4
5 P
M 
R/
V A
ga
ss
iz 
Pe
tite
 Po
na
r 
47
.17
06
6 
-88
.42
99
7 
5.5
 
18
.0 
00
20
 
TL
00
20
 
TL
18
-00
20
-S
ED
 
08
/06
/18
 
12
:30
 PM
 
R/
V A
ga
ss
iz 
Pe
tite
 Po
na
r 
47
.16
39
5 
-88
.42
54
5 
2.8
 
9.2
 
 
 
  
80 
Ta
ble
 A.
2.3
 Be
nth
ic c
om
mu
nit
y s
am
ple
 in
for
ma
tio
n (
off
sho
re 
sit
es)
 
 
Sit
e 
Co
de
 
Sta
tio
n 
Lo
ca
tio
n 
Sa
mp
le 
ID
 
Co
lle
cti
on
 
Da
te 
Sa
mp
le 
Tim
e 
Pr
oc
es
s 
Da
te 
Bo
at 
Sa
mp
lin
g 
Eq
uip
me
nt 
La
titu
de
 
Lo
ng
itu
de
 
Wa
ter
 D
ep
th 
 
(m
) 
(ft)
 
Offshore sites 
99
01
 
TL
99
01
 
TL
18
-99
01
-B
EN
 
08
/07
/18
 
10
:50
 AM
 
08
/07
/18
 
R/
V A
ga
ss
iz 
Fu
ll P
on
ar 
47
.18
29
7 
-88
.41
14
6 
21
.3 
69
.9 
99
02
 
TL
99
05
 
TL
18
-99
02
-B
EN
 
08
/06
/18
 
4:0
0 P
M 
08
/06
/18
 
R/
V A
ga
ss
iz 
Fu
ll P
on
ar 
47
.17
42
8 
-88
.41
33
2 
26
.5 
86
.9 
99
03
 
TL
99
06
 
TL
18
-99
03
-B
EN
 
08
/06
/18
 
3:1
5 P
M 
08
/06
/18
 
R/
V A
ga
ss
iz 
Fu
ll P
on
ar 
47
.17
16
2 
-88
.42
20
9 
27
.5 
90
.2 
99
04
 
TL
99
03
 
TL
18
-99
04
-B
EN
 
08
/07
/18
 
9:2
5 A
M 
08
/07
/18
 
R/
V A
ga
ss
iz 
Fu
ll P
on
ar 
47
.17
58
9 
-88
.39
85
3 
18
.9 
62
.0 
99
05
 
TL
99
09
 
TL
18
-99
05
-B
EN
 
08
/07
/18
 
9:0
0 A
M 
08
/07
/18
 
R/
V A
ga
ss
iz 
Fu
ll P
on
ar 
47
.16
65
 
-88
.41
06
2 
27
 
88
.6 
99
06
 
TL
99
07
 
TL
18
-99
06
-B
EN
 
08
/06
/18
 
1:1
9 P
M 
08
/06
/18
 
R/
V A
ga
ss
iz 
Fu
ll P
on
ar 
47
.16
96
8 
-88
.42
78
9 
18
.4 
60
.4 
99
07
 
TL
99
10
 
TL
18
-99
07
-B
EN
 
08
/07
/18
 
8:3
0 A
M 
08
/07
/18
 
R/
V A
ga
ss
iz 
Fu
ll P
on
ar 
47
.15
96
 
-88
.41
41
3 
11
.7 
38
.4 
99
08
 
TL
99
12
 
TL
18
-99
08
-B
EN
 
08
/06
/18
 
9:4
5 A
M 
08
/06
/18
 
R/
V A
ga
ss
iz 
Fu
ll P
on
ar 
47
.15
20
9 
-88
.44
95
5 
17
.7 
58
.1 
99
09
 
TL
99
14
 
TL
18
-99
09
-B
EN
 
08
/06
/18
 
9:2
1 A
M 
08
/06
/18
 
R/
V A
ga
ss
iz 
Fu
ll P
on
ar 
47
.14
43
3 
-88
.45
46
2 
14
.3 
46
.9 
99
10
 
TL
99
15
 
TL
18
-99
10
-B
EN
 
08
/06
/18
 
8:4
0 A
M 
08
/06
/18
 
R/
V A
ga
ss
iz 
Fu
ll P
on
ar 
47
.13
78
3 
-88
.45
55
5 
7.9
 
25
.9 
 
Ta
ble
 A.
2.4
 Se
dim
en
t sa
mp
le i
nfo
rm
ati
on
 (o
ffs
ho
re 
sit
es)
 
 
Sit
e 
Co
de
 
Sta
tio
n 
Lo
ca
tio
n 
Sa
mp
le 
ID
 
Co
lle
cti
on
 
Da
te 
Sa
mp
le 
Tim
e 
Bo
at 
Sa
mp
lin
g 
Eq
uip
me
nt 
La
titu
de
 
Lo
ng
itu
de
 
Wa
ter
 D
ep
th 
 
(m
) 
(ft)
 
Offshore sites 
 
00
01
 
TL
00
01
 
TL
18
-00
01
-S
ED
 
08
/07
/18
 
10
:00
 AM
 
R/
V A
ga
ss
iz 
Pe
tite
 Po
na
r 
47
.18
22
8 
-88
.40
37
3 
0.5
 
1.6
 
00
02
 
TL
00
02
 
TL
18
-00
02
-S
ED
 
08
/06
/18
 
4:4
0 P
M 
R/
V A
ga
ss
iz 
Pe
tite
 Po
na
r 
47
.17
88
 
-88
.41
54
4 
11
.9 
39
.0 
00
03
 
TL
00
03
 
TL
18
-00
03
-S
ED
 
08
/06
/18
 
10
:45
 AM
 
R/
V A
ga
ss
iz 
Pe
tite
 Po
na
r 
47
.15
25
1 
-88
.45
28
3 
3.8
 
12
.5 
00
04
 
TL
00
04
 
TL
18
-00
04
-S
ED
 
08
/09
/18
 
12
:40
 PM
 
Po
lar
 
Pe
tite
 Po
na
r 
47
.18
07
1 
-88
.39
34
9 
1.2
 
3.9
 
00
05
 
TL
00
05
 
TL
18
-00
05
-S
ED
 
08
/09
/18
 
1:1
0 P
M 
Po
lar
 
Pe
tite
 Po
na
r 
47
.17
40
4 
-88
.39
58
6 
1.4
 
4.6
 
00
06
 
TL
00
06
 
TL
18
-00
06
-S
ED
 
08
/09
/18
 
1:4
0 P
M 
Po
lar
 
Pe
tite
 Po
na
r 
47
.16
70
9 
-88
.40
04
7 
2.4
 
7.9
 
00
07
 
TL
00
07
 
TL
18
-00
07
-S
ED
 
08
/06
/18
 
3:4
0 P
M 
R/
V A
ga
ss
iz 
Pe
tite
 Po
na
r 
47
.17
32
1 
-88
.42
49
3 
2.8
 
9.2
 
00
08
 
TL
00
08
 
TL
18
-00
08
-S
ED
 
08
/09
/18
 
2:0
0 P
M 
Po
lar
 
Pe
tite
 Po
na
r 
47
.16
06
9 
-88
.40
18
8 
2.2
 
7.2
 
00
09
 
TL
00
09
 
TL
18
-00
09
-S
ED
 
08
/09
/18
 
2:3
0 P
M 
Po
lar
 
Pe
tite
 Po
na
r 
47
.15
73
3 
-88
.40
91
9 
1.8
 
5.9
 
00
10
 
TL
00
10
 
TL
18
-00
10
-S
ED
 
08
/09
/18
 
8:2
0 A
M 
Po
lar
 
Pe
tite
 Po
na
r 
47
.15
57
 
-88
.41
95
3 
2.5
 
8.2
 
 
 
  
81 
Ta
ble
 A.
2.5
 Be
nth
ic c
om
mu
nit
y s
am
ple
 in
for
ma
tio
n (
no
rth
ern
 sit
es)
 
 
Sit
e 
Co
de
 
Sta
tio
n 
Lo
ca
tio
n 
Sa
mp
le 
ID
 
Co
lle
cti
on
 
Da
te 
Sa
mp
le 
Tim
e 
Pr
oc
es
s 
Da
te 
Bo
at 
Sa
mp
lin
g 
Eq
uip
me
nt 
La
titu
de
 
Lo
ng
itu
de
 
Wa
ter
 D
ep
th 
 
(m
) 
(ft)
 
Northern sites 
18
01
 
TL
18
01
 
TL
18
-18
01
-R
E 
09
/03
/18
 
3:5
0 P
M 
09
/12
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.19
18
5 
88
.39
52
8 
9.1
 
29
.9 
18
02
 
TL
18
02
 
TL
18
-18
02
-R
E 
09
/03
/18
 
4:1
2 P
M 
09
/12
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.19
13
5 
88
.39
47
4 
8.8
 
28
.9 
18
03
 
TL
18
03
 
TL
18
-18
03
-R
E 
09
/03
/18
 
4:3
1 P
M 
09
/04
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.18
99
5 
88
.39
51
3 
5.2
 
17
.1 
18
04
 
TL
18
04
 
TL
18
-18
04
-R
E 
09
/03
/18
 
4:2
1 P
M 
09
/11
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.19
10
3 
88
.39
61
9 
4.4
 
14
.4 
18
05
 
TL
18
05
 
TL
18
-18
05
-R
E 
09
/03
/18
 
4:0
0 P
M 
09
/12
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.19
15
2 
88
.39
34
7 
3 
9.8
 
18
06
 
TL
18
06
 
TL
18
-18
06
-R
E 
09
/03
/18
 
4:4
3 P
M 
09
/04
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.18
76
 
88
.39
69
7 
2 
6.6
 
18
07
 
TL
18
07
 
TL
18
-18
07
-R
E 
09
/03
/18
 
4:5
3 P
M 
09
/04
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.18
45
4 
88
.39
60
9 
1.7
 
5.6
 
18
08
 
TL
18
08
 
TL
18
-18
08
-R
E 
09
/03
/18
 
3:1
0 P
M 
09
/11
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.19
26
2 
88
.40
57
6 
3.2
 
10
.5 
18
09
 
TL
18
09
 
TL
18
-18
09
-R
E 
09
/03
/18
 
3:2
2 P
M 
09
/11
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.19
52
8 
88
.40
33
9 
2.8
 
9.2
 
18
10
 
TL
18
10
 
TL
18
-18
10
-R
E 
09
/03
/18
 
3:3
4 P
M 
09
/11
/18
 
Jo
n B
oa
t 
Pe
tite
 Po
na
r 
47
.19
44
4 
88
.40
05
 
2.6
 
8.5
 
 
Ta
ble
 A.
2.6
 Se
dim
ent
 sa
mp
le i
nfo
rm
ati
on
 (n
ort
her
n s
ite
s) 
 
Sit
e 
Co
de
 
Sta
tio
n 
Lo
ca
tio
n 
Sa
mp
le 
ID
 
Co
lle
cti
on
 
Da
te 
Sa
mp
le 
Tim
e 
Bo
at 
Sa
mp
lin
g 
Eq
uip
me
nt 
La
titu
de
 
Lo
ng
itu
de
 
Wa
ter
 D
ep
th 
 
(m
) 
(ft)
 
Northern sites 
 
00
01
 
TL
00
01
 
TL
18
-00
01
-S
ED
 
08
/07
/18
 
10
:00
 AM
 
R/
V A
ga
ss
iz 
Pe
tite
 Po
na
r 
47
.18
22
8 
-88
.40
37
3 
0.5
 
1.6
 
00
02
 
TL
00
02
 
TL
18
-00
02
-S
ED
 
08
/06
/18
 
4:4
0 P
M 
R/
V A
ga
ss
iz 
Pe
tite
 Po
na
r 
47
.17
88
 
-88
.41
54
4 
11
.9 
39
.0 
00
03
 
TL
00
03
 
TL
18
-00
03
-S
ED
 
08
/06
/18
 
10
:45
 AM
 
R/
V A
ga
ss
iz 
Pe
tite
 Po
na
r 
47
.15
25
1 
-88
.45
28
3 
3.8
 
12
.5 
00
04
 
TL
00
04
 
TL
18
-00
04
-S
ED
 
08
/09
/18
 
12
:40
 PM
 
Po
lar
 
Pe
tite
 Po
na
r 
47
.18
07
1 
-88
.39
34
9 
1.2
 
3.9
 
00
05
 
TL
00
05
 
TL
18
-00
05
-S
ED
 
08
/09
/18
 
1:1
0 P
M 
Po
lar
 
Pe
tite
 Po
na
r 
47
.17
40
4 
-88
.39
58
6 
1.4
 
4.6
 
00
06
 
TL
00
06
 
TL
18
-00
06
-S
ED
 
08
/09
/18
 
1:4
0 P
M 
Po
lar
 
Pe
tite
 Po
na
r 
47
.16
70
9 
-88
.40
04
7 
2.4
 
7.9
 
00
07
 
TL
00
07
 
TL
18
-00
07
-S
ED
 
08
/06
/18
 
3:4
0 P
M 
R/
V A
ga
ss
iz 
Pe
tite
 Po
na
r 
47
.17
32
1 
-88
.42
49
3 
2.8
 
9.2
 
00
08
 
TL
00
08
 
TL
18
-00
08
-S
ED
 
08
/09
/18
 
2:0
0 P
M 
Po
lar
 
Pe
tite
 Po
na
r 
47
.16
06
9 
-88
.40
18
8 
2.2
 
7.2
 
00
09
 
TL
00
09
 
TL
18
-00
09
-S
ED
 
08
/09
/18
 
2:3
0 P
M 
Po
lar
 
Pe
tite
 Po
na
r 
47
.15
73
3 
-88
.40
91
9 
1.8
 
5.9
 
00
10
 
TL
00
10
 
TL
18
-00
10
-S
ED
 
08
/09
/18
 
8:2
0 A
M 
Po
lar
 
Pe
tite
 Po
na
r 
47
.15
57
 
-88
.41
95
3 
2.5
 
8.2
 
 
 
  
82 
Ta
ble
 A.
2.7
 Be
nth
ic c
om
mu
nit
y r
esu
lts 
for
 ne
ars
ho
re 
site
s (0
001
-00
10)
 
 
Sit
e 
00
01
 
00
02
 
00
03
 
00
04
 
00
05
 
00
06
 
00
07
 
00
08
 
00
09
 
00
10
 
Tolerance 
Values 
(1)
 
Functional 
Groups 
(2)
 
To
tal
 N
o. 
Ind
ivi
du
als
 
42
 
10
 
18
 
22
5 
57
 
72
 
5 
56
 
96
 
39
 
De
pth
 of
 Sa
mp
le 
(m
) 
0.5
 
11
.9 
3.8
 
1.2
 
1.4
 
2.4
 
2.8
 
2.2
 
1.8
 
2.5
 
Ph
ylu
m 
Cl
as
s 
Su
bc
las
s 
Or
de
r 
Su
bo
rde
r 
Fa
mi
ly 
Su
bfa
mi
ly 
Ge
nu
s 
 
An
ne
lida
 
NS
I 
 
NS
I 
 
NS
I 
 
NS
I 
 
 
15
 
 
2 
 
 
 
 
1 
 
 
Ol
igo
ch
ae
ta 
 
NS
I 
 
NS
I 
 
NS
I 
5 
1 
 
29
 
6 
6 
1 
40
 
20
 
 
5 
GC
 
 
 
 
 
 
 
Ae
olo
so
ma
 
 
 
1 
 
6 
10
 
 
 
34
 
 
8 
FC
 
Ne
ma
tod
a 
 
 
NS
I 
 
NS
I 
 
NS
I 
 
 
 
4 
 
 
 
1 
2 
 
5 
PA
 
Ar
thr
op
od
a 
Ara
ch
nid
a 
 
Hy
dra
ch
nid
iae
 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
Br
ac
hio
po
da
 
 
Dip
los
tra
ca
 
Cla
do
ce
ra 
Da
ph
nii
da
e 
 
NS
I 
 
 
 
 
4 
12
 
 
 
 
 
8 
FC
 
 
NS
I 
 
NS
I 
 
 
 
16
 
 
 
 
 
 
 
8 
FC
 
Cr
us
tac
ea
 
 
Am
ph
ipo
da
 
 
Ga
mm
ari
da
e 
 
Ga
mm
aru
s 
 
 
 
5 
 
 
 
 
 
 
4 
OM
 
Co
pe
po
da
 
Cy
clo
po
ida
 
 
Cy
clo
po
ida
e 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
8 
GC
 
Ma
lac
os
tra
ca
 
My
sid
a 
 
My
sid
ae
 
 
My
sis
 
 
 
 
 
 
 
 
 
 
 
 
 
NS
I 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
 
Os
tro
co
da
 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
Ins
ec
ta 
 
Co
leo
pte
ra 
 
Elm
ida
e 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
4 
GC
 
 
 
Ha
lipl
ida
e 
 
Ha
lipl
us
 
 
 
 
 
 
 
 
 
 
 
5 
SH
 
 
Co
llem
bo
la 
 
En
tom
ob
ryi
da
e 
 
Se
ira
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dip
ter
a 
 
Ce
rat
op
og
on
ida
e 
 
Be
zzi
a 
 
 
 
1 
 
 
 
 
 
 
6 
GC
 
 
 
 
Pr
ob
ez
zia
 
 
 
 
3 
 
 
 
 
 
 
6 
PR
 
 
 
 
NS
I 
 
 
 
5 
 
 
 
 
 
 
 
 
 
 
Ch
ao
bo
rid
ae
 
 
Ch
ao
bo
rus
 
 
8 
 
 
 
 
 
 
 
 
8 
PR
 
 
 
Ch
iro
no
mi
da
e 
Ch
iro
no
mi
ni 
NS
I 
 
 
2 
24
 
10
 
2 
 
 
2 
 
6 
GC
 
 
 
Dia
me
sin
ae
 
NS
I 
1 
1 
 
2 
 
 
2 
 
 
 
 
GC
 
 
 
Or
tho
cla
dii
na
e 
NS
I 
 
 
 
19
 
5 
1 
 
 
 
 
5 
GC
 
 
 
Ta
ny
po
din
ae
 
NS
I 
 
 
 
4 
1 
2 
 
 
 
 
7 
PR
 
 
 
Ta
ny
tar
sin
i 
NS
I 
 
 
 
16
 
4 
1 
 
 
 
 
6 
FC
 
 
 
NS
I 
NS
I 
 
 
 
11
 
7 
21
 
 
 
4 
 
 
 
 
Ep
he
me
rop
ter
a 
 
Ca
en
ida
e 
 
Ca
en
is 
 
 
 
 
10
 
 
 
 
 
 
7 
GC
 
 
 
NS
I 
 
NS
I 
 
 
 
14
 
 
2 
 
 
 
 
 
 
 
Le
pid
op
ter
a 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
6 
SH
 
 
Od
on
ata
 
 
Co
en
ag
rio
nid
ae
 
 
En
all
ag
ma
 
 
 
 
 
 
 
 
 
 
 
9 
PR
 
 
Tri
ch
op
ter
a 
 
Dip
se
ud
op
sid
ae
 
 
Ph
ylo
ce
ntr
op
us
 
 
 
 
 
 
 
 
 
 
 
4 
FC
 
 
 
Le
pto
ce
rid
ae
 
 
My
sta
cid
es
 
 
 
 
2 
 
 
 
 
 
 
4 
GC
 
 
 
Le
pto
ce
rid
ae
 
 
NS
I 
 
 
 
 
 
1 
 
 
 
 
4 
GC
 
 
 
Lim
ne
ph
ilid
ae
 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
4 
SH
 
 
 
Mo
lan
nid
ae
 
 
Mo
lan
na
 
 
 
 
 
 
 
 
 
 
 
6 
SC
 
 
 
NS
I 
 
NS
I 
 
 
 
 
 
1 
 
 
 
 
 
 
Mo
llu
sc
a 
Biv
alv
ia 
 
Sp
ha
eri
ida
e 
 
Pis
idiu
m 
 
NS
I 
22
 
 
 
17
 
 
5 
 
1 
 
1 
8 
FC
 
Ga
str
op
od
a 
 
 
 
Hy
dro
bii
da
e 
 
NS
I 
2 
 
 
8 
 
1 
 
2 
15
 
6 
7 
SC
 
 
 
 
Ph
ysi
da
e 
 
NS
I 
 
 
 
 
 
 
 
1 
 
 
8 
SC
 
 
 
 
Pla
no
rbi
da
e 
 
NS
I 
2 
 
 
 
 
 
 
4 
 
 
7 
SC
 
 
 
 
Va
lat
ida
e 
 
NS
I 
10
 
 
 
45
 
2 
7 
2 
7 
19
 
31
 
8 
SC
 
N
S
I –
 N
ot
 S
pe
ci
fic
al
ly
 Id
en
tif
ie
d;
 (1
)  R
ef
er
en
ce
s:
 B
ar
bo
ur
 e
t a
l.,
 1
99
9;
 B
od
e 
et
 a
l.,
 1
99
6.
 (2
) F
C
 –
 F
ilt
er
er
-c
ol
le
ct
or
, G
C
 –
 G
at
he
r-
co
lle
ct
or
, P
R
 –
 P
re
da
to
r, 
S
C
 –
 S
cr
ap
er
, S
H
 –
 S
he
dd
er
, P
A
 –
 P
ar
as
ite
, O
M
 –
 O
m
ni
vo
re
, P
I –
 P
ie
rc
er
 
 
 
  
83 
Ta
ble
 A.
2.8
 Be
nth
ic c
om
mu
nit
y r
esu
lts 
for
 ne
ars
ho
re 
site
s (0
011
-00
20)
 
 
Sit
e 
00
11
 
00
12
 
00
13
 
00
14
 
00
15
 
00
16
 
00
17
 
00
18
 
00
19
 
00
20
 
Tolerance 
Values 
(1)
 
Functional 
Groups 
(2)
 
To
tal
 N
o. 
Ind
ivi
du
als
 
45
 
34
 
31
 
74
 
38
 
28
 
4 
4 
31
 
7 
De
pth
 of
 Sa
mp
le 
(m
) 
2.5
 
1.3
 
1.6
 
1.5
 
1.5
 
3.3
 
4.7
 
1.3
 
5.5
 
2.8
 
Ph
ylu
m 
Cl
as
s 
Su
bc
las
s 
Or
de
r 
Su
bo
rde
r 
Fa
mi
ly 
Su
bfa
mi
ly 
Ge
nu
s 
 
 
 
 
 
 
 
 
 
 
An
ne
lida
 
NS
I 
 
NS
I 
 
NS
I 
 
NS
I 
1 
 
2 
 
 
 
 
 
11
 
 
 
 
Ol
igo
ch
ae
ta 
 
NS
I 
 
NS
I 
 
NS
I 
 
3 
 
7 
15
 
 
 
 
4 
 
5 
GC
 
 
 
 
 
 
 
Ae
olo
so
ma
 
 
 
 
 
 
 
 
 
 
 
8 
FC
 
Ne
ma
tod
a 
 
 
NS
I 
 
NS
I 
 
NS
I 
 
1 
 
1 
4 
 
 
1 
 
 
5 
PA
 
Ar
thr
op
od
a 
Ara
ch
nid
a 
 
Hy
dra
ch
nid
iae
 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
Br
ac
hio
po
da
 
 
Dip
los
tra
ca
 
Cla
do
ce
ra 
Da
ph
nii
da
e 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
8 
FC
 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
8 
FC
 
Cr
us
tac
ea
 
 
Am
ph
ipo
da
 
 
Ga
mm
ari
da
e 
 
Ga
mm
aru
s 
 
 
 
 
 
 
 
 
 
 
4 
OM
 
Co
pe
po
da
 
Cy
clo
po
ida
 
 
Cy
clo
po
ida
e 
 
NS
I 
 
 
 
 
 
 
 
 
 
1 
8 
GC
 
Ma
lac
os
tra
ca
 
My
sid
a 
 
My
sid
ae
 
 
My
sis
 
 
 
 
 
 
 
 
 
 
 
 
 
NS
I 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
 
Os
tro
co
da
 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
Ins
ec
ta 
 
Co
leo
pte
ra 
 
Elm
ida
e 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
4 
GC
 
 
 
Ha
lipl
ida
e 
 
Ha
lipl
us
 
 
 
 
 
 
 
 
 
 
 
5 
SH
 
 
Co
llem
bo
la 
 
En
tom
ob
ryi
da
e 
 
Se
ira
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dip
ter
a 
 
Ce
rat
op
og
on
ida
e 
 
Be
zzi
a 
 
 
 
1 
 
 
 
 
 
 
6 
GC
 
 
 
 
Pr
ob
ez
zia
 
 
 
 
 
1 
 
 
 
 
 
6 
PR
 
 
 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ch
ao
bo
rid
ae
 
 
Ch
ao
bo
rus
 
 
 
 
 
 
 
2 
 
 
 
8 
PR
 
 
 
Ch
iro
no
mi
da
e 
Ch
iro
no
mi
ni 
NS
I 
 
 
 
 
10
 
 
 
 
7 
 
6 
GC
 
 
 
Dia
me
sin
ae
 
NS
I 
 
 
 
1 
 
 
 
2 
1 
1 
 
GC
 
 
 
Or
tho
cla
dii
na
e 
NS
I 
 
 
 
 
4 
 
 
 
1 
 
5 
GC
 
 
 
Ta
ny
po
din
ae
 
NS
I 
 
 
 
2 
2 
 
 
 
4 
 
7 
PR
 
 
 
Ta
ny
tar
sin
i 
NS
I 
 
 
1 
1 
 
 
 
 
 
 
6 
FC
 
 
 
NS
I 
NS
I 
 
 
 
 
 
 
 
 
2 
 
 
 
 
Ep
he
me
rop
ter
a 
 
Ca
en
ida
e 
 
Ca
en
is 
 
 
 
 
 
 
 
 
 
 
7 
GC
 
 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
 
Le
pid
op
ter
a 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
6 
SH
 
 
Od
on
ata
 
 
Co
en
ag
rio
nid
ae
 
 
En
all
ag
ma
 
 
 
 
 
 
 
 
 
 
 
9 
PR
 
 
Tri
ch
op
ter
a 
 
Dip
se
ud
op
sid
ae
 
 
Ph
ylo
ce
ntr
op
us
 
 
 
 
 
 
 
 
 
1 
 
4 
FC
 
 
 
Le
pto
ce
rid
ae
 
 
My
sta
cid
es
 
 
 
 
 
 
 
 
 
 
 
4 
GC
 
 
 
Le
pto
ce
rid
ae
 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
4 
GC
 
 
 
Lim
ne
ph
ilid
ae
 
 
NS
I 
 
 
 
 
 
 
 
1 
 
1 
4 
SH
 
 
 
Mo
lan
nid
ae
 
 
Mo
lan
na
 
 
 
 
 
 
 
 
 
 
 
6 
SC
 
 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
Mo
llu
sc
a 
Biv
alv
ia 
 
Sp
ha
eri
ida
e 
 
Pis
idiu
m 
 
NS
I 
2 
 
 
4 
 
 
 
 
 
 
8 
FC
 
Ga
str
op
od
a 
 
 
 
Hy
dro
bii
da
e 
 
NS
I 
20
 
3 
1 
1 
 
9 
 
 
 
 
7 
SC
 
 
 
 
Ph
ysi
da
e 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
8 
SC
 
 
 
 
Pla
no
rbi
da
e 
 
NS
I 
4 
18
 
8 
19
 
2 
 
1 
 
 
4 
7 
SC
 
 
 
 
Va
lat
ida
e 
 
NS
I 
18
 
9 
19
 
37
 
 
19
 
1 
 
 
 
8 
SC
 
N
S
I –
 N
ot
 S
pe
ci
fic
al
ly
 Id
en
tif
ie
d;
 (1
)  R
ef
er
en
ce
s:
 B
ar
bo
ur
 e
t a
l.,
 1
99
9;
 B
od
e 
et
 a
l.,
 1
99
6.
 (2
) F
C
 –
 F
ilt
er
er
-c
ol
le
ct
or
, G
C
 –
 G
at
he
r-
co
lle
ct
or
, P
R
 –
 P
re
da
to
r, 
S
C
 –
 S
cr
ap
er
, S
H
 –
 S
he
dd
er
, P
A
 –
 P
ar
as
ite
, O
M
 –
 O
m
ni
vo
re
, P
I –
 P
ie
rc
er
 
  
84 
Ta
ble
 A.
2.9
 Be
nth
ic c
om
mu
nit
y r
esu
lts 
for
 of
fsh
ore
 sit
es 
 
Sit
e 
99
01
 
99
02
 
99
03
 
99
04
 
99
05
 
99
06
 
99
07
 
99
08
 
99
09
 
99
10
 
Tolerance 
Values 
(1)
 
Functional 
Groups 
(2)
 
To
tal
 N
o. 
Ind
ivi
du
als
 
8 
22
 
15
 
17
 
16
 
24
 
10
 
11
 
9 
4 
De
pth
 of
 Sa
mp
le 
(m
) 
21
.3 
26
.5 
27
.5 
18
.9 
27
.0 
18
.4 
11
.7 
17
.7 
14
.3 
7.9
 
Ph
ylu
m 
Cl
as
s 
Su
bc
las
s 
Or
de
r 
Su
bo
rde
r 
Fa
mi
ly 
Su
bfa
mi
ly 
Ge
nu
s 
Nu
mb
er 
of 
Ind
ivi
du
als
 
An
ne
lida
 
NS
I 
 
NS
I 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
4 
 
 
1 
 
 
Ol
igo
ch
ae
ta 
 
NS
I 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
5 
GC
 
 
 
 
 
 
 
Ae
olo
so
ma
 
 
 
 
 
 
 
 
 
 
 
8 
FC
 
Ne
ma
tod
a 
 
 
NS
I 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
5 
PA
 
Ar
thr
op
od
a 
Ara
ch
nid
a 
 
Hy
dra
ch
nid
iae
 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
Br
ac
hio
po
da
 
 
Dip
los
tra
ca
 
Cla
do
ce
ra 
Da
ph
nii
da
e 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
8 
FC
 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
8 
FC
 
Cr
us
tac
ea
 
 
Am
ph
ipo
da
 
 
Ga
mm
ari
da
e 
 
Ga
mm
aru
s 
 
 
 
 
 
 
 
 
 
 
4 
OM
 
Co
pe
po
da
 
Cy
clo
po
ida
 
 
Cy
clo
po
ida
e 
 
NS
I 
 
 
2 
 
 
 
 
 
 
 
8 
GC
 
Ma
lac
os
tra
ca
 
My
sid
a 
 
My
sid
ae
 
 
My
sis
 
1 
 
 
 
 
 
 
 
 
 
 
 
NS
I 
 
NS
I 
 
NS
I 
 
1 
1 
 
 
1 
 
 
 
 
 
 
 
Os
tro
co
da
 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
Ins
ec
ta 
 
Co
leo
pte
ra 
 
Elm
ida
e 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
4 
GC
 
 
 
Ha
lipl
ida
e 
 
Ha
lipl
us
 
 
 
 
 
 
 
 
 
 
 
5 
SH
 
 
Co
llem
bo
la 
 
En
tom
ob
ryi
da
e 
 
Se
ira
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dip
ter
a 
 
Ce
rat
op
og
on
ida
e 
 
Be
zzi
a 
 
 
 
 
 
 
 
 
 
 
6 
GC
 
 
 
 
Pr
ob
ez
zia
 
 
 
 
 
 
 
 
 
 
1 
6 
PR
 
 
 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ch
ao
bo
rid
ae
 
 
Ch
ao
bo
rus
 
2 
1 
6 
1 
3 
3 
1 
4 
1 
2 
8 
PR
 
 
 
Ch
iro
no
mi
da
e 
Ch
iro
no
mi
ni 
NS
I 
 
17
 
4 
12
 
7 
14
 
 
3 
5 
 
6 
GC
 
 
 
Dia
me
sin
ae
 
NS
I 
5 
3 
2 
3 
5 
6 
3 
1 
1 
 
 
GC
 
 
 
Or
tho
cla
dii
na
e 
NS
I 
 
 
 
 
 
 
1 
1 
 
 
5 
GC
 
 
 
Ta
ny
po
din
ae
 
NS
I 
 
 
 
 
 
 
 
 
 
 
7 
PR
 
 
 
Ta
ny
tar
sin
i 
NS
I 
 
 
 
 
 
 
 
 
 
 
6 
FC
 
 
 
NS
I 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ep
he
me
rop
ter
a 
 
Ca
en
ida
e 
 
Ca
en
is 
 
 
 
 
 
 
 
 
 
 
7 
GC
 
 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
 
Le
pid
op
ter
a 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
6 
SH
 
 
Od
on
ata
 
 
Co
en
ag
rio
nid
ae
 
 
En
all
ag
ma
 
 
 
 
 
 
 
 
1 
 
 
9 
PR
 
 
Tri
ch
op
ter
a 
 
Dip
se
ud
op
sid
ae
 
 
Ph
ylo
ce
ntr
op
us
 
 
 
 
 
 
 
 
 
 
 
4 
FC
 
 
 
Le
pto
ce
rid
ae
 
 
My
sta
cid
es
 
 
 
 
 
 
 
 
 
 
 
4 
GC
 
 
 
Le
pto
ce
rid
ae
 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
4 
GC
 
 
 
Lim
ne
ph
ilid
ae
 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
4 
SH
 
 
 
Mo
lan
nid
ae
 
 
Mo
lan
na
 
 
 
 
 
 
 
 
 
 
 
6 
SC
 
 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
Mo
llu
sc
a 
Biv
alv
ia 
 
Sp
ha
eri
ida
e 
 
Pis
idiu
m 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
8 
FC
 
Ga
str
op
od
a 
 
 
 
Hy
dro
bii
da
e 
 
NS
I 
 
 
 
 
 
 
1 
 
 
 
7 
SC
 
 
 
 
Ph
ysi
da
e 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
8 
SC
 
 
 
 
Pla
no
rbi
da
e 
 
NS
I 
 
 
 
1 
1 
 
 
1 
2 
 
7 
SC
 
 
 
 
Va
lat
ida
e 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
8 
SC
 
N
S
I –
 N
ot
 S
pe
ci
fic
al
ly
 Id
en
tif
ie
d;
 (1
)  R
ef
er
en
ce
s:
 B
ar
bo
ur
 e
t a
l.,
 1
99
9;
 B
od
e 
et
 a
l.,
 1
99
6.
 (2
) F
C
 –
 F
ilt
er
er
-c
ol
le
ct
or
, G
C
 –
 G
at
he
r-
co
lle
ct
or
, P
R
 –
 P
re
da
to
r, 
S
C
 –
 S
cr
ap
er
, S
H
 –
 S
he
dd
er
, P
A
 –
 P
ar
as
ite
, O
M
 –
 O
m
ni
vo
re
, P
I –
 P
ie
rc
er
 
  
85 
Ta
ble
 A.
2.1
0 B
en
thi
c c
om
mu
nit
y r
esu
lts 
for
 no
rth
ern
 sit
es 
 
Sit
e 
18
01
 
18
02
 
18
03
 
18
04
 
18
05
 
18
06
 
18
07
 
18
08
 
18
09
 
18
10
 
Tolerance 
Values 
(1)
 
Functional 
Groups 
(2)
 
To
tal
 N
o. 
Ind
ivi
du
als
 
45
 
34
 
38
 
80
 
49
 
74
 
13
5 
78
 
83
 
75
 
De
pth
 of
 Sa
mp
le 
(m
) 
9.4
 
9.1
 
5.2
 
4.4
 
3.0
 
1.9
 
1.6
 
3.2
 
2.8
 
2.5
 
Ph
ylu
m 
Cl
as
s 
Su
bc
las
s 
Or
de
r 
Su
bo
rde
r 
Fa
mi
ly 
Su
bfa
mi
ly 
Ge
nu
s 
 
An
ne
lida
 
NS
I 
 
NS
I 
 
NS
I 
 
NS
I 
 
 
2 
 
1 
4 
 
 
3 
 
 
 
Ol
igo
ch
ae
ta 
 
NS
I 
 
NS
I 
 
NS
I 
3 
 
15
 
66
 
27
 
11
 
45
 
 
7 
10
 
5 
GC
 
 
 
 
 
 
 
Ae
olo
so
ma
 
 
 
 
 
 
 
 
 
 
 
8 
FC
 
Ne
ma
tod
a 
 
 
NS
I 
 
NS
I 
 
NS
I 
 
 
 
 
3 
 
2 
 
 
 
5 
PA
 
Ar
thr
op
od
a 
Ara
ch
nid
a 
 
Hy
dra
ch
nid
iae
 
 
NS
I 
 
NS
I 
 
1 
 
 
 
 
 
 
 
 
 
 
Br
ac
hio
po
da
 
 
Dip
los
tra
ca
 
Cla
do
ce
ra 
Da
ph
nii
da
e 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
8 
FC
 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
8 
FC
 
Cr
us
tac
ea
 
 
Am
ph
ipo
da
 
 
Ga
mm
ari
da
e 
 
Ga
mm
aru
s 
 
 
 
 
 
 
 
 
 
 
4 
OM
 
Co
pe
po
da
 
Cy
clo
po
ida
 
 
Cy
clo
po
ida
e 
 
NS
I 
 
 
 
 
 
 
 
2 
 
2 
8 
GC
 
Ma
lac
os
tra
ca
 
My
sid
a 
 
My
sid
ae
 
 
My
sis
 
 
 
 
 
 
 
 
 
 
 
 
 
NS
I 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
 
Os
tro
co
da
 
 
NS
I 
 
NS
I 
 
 
 
 
1 
 
 
 
 
 
 
 
Ins
ec
ta 
 
Co
leo
pte
ra 
 
Elm
ida
e 
 
NS
I 
6 
3 
5 
 
2 
 
 
 
 
 
4 
GC
 
 
 
Ha
lipl
ida
e 
 
Ha
lipl
us
 
 
 
 
 
2 
 
 
 
 
 
5 
SH
 
 
Co
llem
bo
la 
 
En
tom
ob
ryi
da
e 
 
Se
ira
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dip
ter
a 
 
Ce
rat
op
og
on
ida
e 
 
Be
zzi
a 
 
 
 
 
 
 
1 
 
 
 
6 
GC
 
 
 
 
Pr
ob
ez
zia
 
 
 
 
 
1 
 
 
 
 
 
6 
PR
 
 
 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ch
ao
bo
rid
ae
 
 
Ch
ao
bo
rus
 
36
 
29
 
 
 
 
4 
2 
70
 
57
 
1 
8 
PR
 
 
 
Ch
iro
no
mi
da
e 
Ch
iro
no
mi
ni 
NS
I 
 
 
10
 
2 
1 
4 
14
 
 
 
1 
6 
GC
 
 
 
Dia
me
sin
ae
 
NS
I 
 
 
 
 
1 
 
1 
 
 
 
 
GC
 
 
 
Or
tho
cla
dii
na
e 
NS
I 
 
 
 
 
6 
1 
13
 
 
 
2 
5 
GC
 
 
 
Ta
ny
po
din
ae
 
NS
I 
 
 
 
1 
 
1 
3 
 
 
 
7 
PR
 
 
 
Ta
ny
tar
sin
i 
NS
I 
 
 
 
 
 
10
 
23
 
 
 
 
6 
FC
 
 
 
NS
I 
NS
I 
 
 
 
 
 
 
4 
 
 
 
 
 
 
Ep
he
me
rop
ter
a 
 
Ca
en
ida
e 
 
Ca
en
is 
 
 
 
 
 
3 
5 
 
 
 
7 
GC
 
 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
 
Le
pid
op
ter
a 
 
NS
I 
 
NS
I 
 
1 
 
 
 
 
 
 
 
 
6 
SH
 
 
Od
on
ata
 
 
Co
en
ag
rio
nid
ae
 
 
En
all
ag
ma
 
 
 
 
 
 
 
 
 
 
 
9 
PR
 
 
Tri
ch
op
ter
a 
 
Dip
se
ud
op
sid
ae
 
 
Ph
ylo
ce
ntr
op
us
 
 
 
 
2 
 
2 
2 
 
 
 
4 
FC
 
 
 
Le
pto
ce
rid
ae
 
 
My
sta
cid
es
 
 
 
 
 
 
 
 
 
 
 
4 
GC
 
 
 
Le
pto
ce
rid
ae
 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
4 
GC
 
 
 
Lim
ne
ph
ilid
ae
 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
4 
SH
 
 
 
Mo
lan
nid
ae
 
 
Mo
lan
na
 
 
 
 
 
 
 
1 
 
 
 
6 
SC
 
 
 
NS
I 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
 
 
Mo
llu
sc
a 
Biv
alv
ia 
 
Sp
ha
eri
ida
e 
 
Pis
idiu
m 
 
NS
I 
 
 
6 
1 
2 
7 
8 
 
 
 
8 
FC
 
Ga
str
op
od
a 
 
 
 
Hy
dro
bii
da
e 
 
NS
I 
 
 
 
6 
 
10
 
3 
5 
8 
19
 
7 
SC
 
 
 
 
Ph
ysi
da
e 
 
NS
I 
 
 
 
 
 
 
 
 
 
 
8 
SC
 
 
 
 
Pla
no
rbi
da
e 
 
NS
I 
 
 
 
1 
1 
 
 
1 
 
3 
7 
SC
 
 
 
 
Va
lat
ida
e 
 
NS
I 
 
 
 
1 
1 
17
 
8 
 
8 
37
 
8 
SC
 
N
S
I –
 N
ot
 S
pe
ci
fic
al
ly
 Id
en
tif
ie
d;
 (1
)  R
ef
er
en
ce
s:
 B
ar
bo
ur
 e
t a
l.,
 1
99
9;
 B
od
e 
et
 a
l.,
 1
99
6.
 (2
) F
C
 –
 F
ilt
er
er
-c
ol
le
ct
or
, G
C
 –
 G
at
he
r-
co
lle
ct
or
, P
R
 –
 P
re
da
to
r, 
S
C
 –
 S
cr
ap
er
, S
H
 –
 S
he
dd
er
, P
A
 –
 P
ar
as
ite
, O
M
 –
 O
m
ni
vo
re
, P
I –
 P
ie
rc
er
 
 
 
  
86 
Ta
ble
 A.
2.1
1 S
oli
d-p
ha
se 
hea
vy 
me
tal
s in
 se
dim
ent
 sa
mp
les
 (n
ear
sho
re 
sit
es)
 
 
 
Ar
se
nic
 
Ca
dm
ium
 
Ch
ro
mi
um
 
Co
pp
er 
Le
ad
 
Me
rcu
ry 
Nic
ke
l 
Zin
c 
Sit
e 
Co
de
 
Sta
tio
n 
Lo
ca
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A.3 Diversity Metrics 
 
Table A.3.1 Computed Shannon Indices (H’) 
Site Code H' Site Code H' Site Code H' Site Code H' 
9901 0.90 0001 1.06 0011 1.08 1801 0.45 
9902 0.23 0002 0.41 0012 0.90 1802 0.35 
9903 1.00 0003 0.24 0013 0.87 1803 0.91 
9904 0.44 0004 1.26 0014 1.13 1804 0.57 
9905 0.70 0005 0.96 0015 0.61 1805 0.93 
9906 0.41 0006 1.20 0016 0.63 1806 1.55 
9907 0.83 0007 0.73 0017 1.04 1807 1.10 
9908 1.16 0008 0.71 0018 0.69 1808 0.42 
9909 0.85 0009 0.78 0019 0.46 1809 0.71 
9910 0.69 0010 0.56 0020 1.15 1810 1.11 
 
 
 
Table A.3.2 Computed Hilsenhoff Family Biotic Indices (HBIf) 
Site Code HBIf Site Code HBIf Site Code HBIf Site Code HBIf 
9901 3.75 0001 7.00 0011 8.00 1801 0.53 
9902 7.00 0002 0.60 0012 7.06 1802 0.35 
9903 2.93 0003 7.89 0013 7.94 1803 4.32 
9904 7.18 0004 5.38 0014 7.00 1804 1.18 
9905 5.88 0005 5.61 0015 3.63 1805 2.12 
9906 6.17 0006 4.64 0016 8.00 1806 5.80 
9907 6.40 0007 5.60 0017 4.00 1807 4.26 
9908 4.82 0008 2.14 0018 4.00 1808 0.62 
9909 6.89 0009 5.38 0019 6.19 1809 1.83 
9910 3.50 0010 8.00 0020 6.00 1810 6.56 
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A.4 Geospatial Datasets 
 
 
Table A.4.1 Land cover in the Torch Lake drainage basin 
Classification Category Area (km2) (ac) (%) 
Open Water Waterbody 10.6 2,614 5% 
Woody Wetlands Wetlands 34.2 8,453 18% Emergent Herbaceuous Wetlands 3.4 849 
Deciduous Forest 
Forest 
40.3 9,970 
53% Evergreen Forest 6.7 1,643 
Mixed Forest 62.1 15,348 
Shrub/Scrub Shrubland/Herbaceous 2.7 673 3% Herbaceuous 4.4 1,079 
Hay/Pasture Cultivated 16.8 4,155 8% Cultivated Crops 0.2 50 
Developed, Open Space 
Developed 
8 1,979 
10% Developed, Low Intensity 6.4 1,584 Developed, Medium Intensity 3.8 941 
Developed, High Intensity 1.4 348 
Barren Land Barren 4.3 1,053 2% 
(NLCD, 2016) 
 
 
 
Table A.4.2 Calculated basin slope (percent rise, %) 
Site Code Slope (%) Site Code Slope (%) Site Code Slope (%) Site Code Slope (%) 
9901 22.9 0001 34.6 0011 10 1801 12.1 
9902 28.7 0002 11 0012 20.9 1802 12.4 
9903 29.7 0003 21.2 0013 NA 1803 4.2 
9904 31.2 0004 11.2 0014 5.6 1804 10.5 
9905 5.6 0005 NA 0015 5.7 1805 3.7 
9906 14.4 0006 20.5 0016 32.5 1806 NA 
9907 14.3 0007 NA 0017 6 1807 NA 
9908 10.7 0008 5.4 0018 14.2 1808 0.2 
9909 9 0009 1.5 0019 6.5 1809 0.2 
9910 6.9 0010 7.1 0020 27.9 1810 0.9 
Reference: bathymetry data layer (2004); NA – Not Available 
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A.5 Additional Figures 
 
 
Figure A.5.1 Particle size distribution curves for site 0001 
 
Figure A.5.2 Particle size distribution curves for site 0002 
 97 
 
 
Figure A.5.3 Particle size distribution curves for site 0003 
 
Figure A.5.4 Particle size distribution curves for site 0004 
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Figure A.5.5 Particle size distribution curves for site 0005 
 
Figure A.5.6 Particle size distribution curves for site 0006 
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Figure A.5.7 Particle size distribution curves for site 0007 
 
Figure A.5.8 Particle size distribution curves for site 0008 
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Figure A.5.9 Particle size distribution curves for site 0009 
 
Figure A.5.10 Particle size distribution curves for site 0010 
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Figure A.5.11 Particle size distribution curves for site 0011 
 
Figure A.5.12 Particle size distribution curves for site 0012 
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Figure A.5.13 Particle size distribution curves for site 0013 
 
Figure A.5.14 Particle size distribution curves for site 0014 
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Figure A.5.15 Particle size distribution curves for site 0015 
 
Figure A.5.16 Particle size distribution curves for site 0016 
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Figure A.5.17 Particle size distribution curves for site 0017 
 
Figure A.5.18 Particle size distribution curves for site 0018 
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Figure A.5.19 Particle size distribution curves for site 0019 
 
Figure A.5.20 Particle size distribution curves for site 0020 
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Figure A.5.21 Particle size distribution curves for site 9901 
 
Figure A.5.22 Particle size distribution curves for site 9902 
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Figure A.5.23 Particle size distribution curves for site 9903 
 
Figure A.5.24 Particle size distribution curves for site 9904 
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Figure A.5.25 Particle size distribution curves for site 9905 
 
Figure A.5.26 Particle size distribution curves for site 9906 
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Figure A.5.27 Particle size distribution curves for site 9907 
 
Figure A.5.28 Particle size distribution curves for site 9908 
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Figure A.5.29 Particle size distribution curves for site 9909 
 
Figure A.5.30 Particle size distribution curves for site 9910 
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Figure  A.5.31 Particle size distribution curves for site 1801 
 
Figure A.5.32 Particle size distribution curves for site 1802 
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Figure A.5.33 Particle size distribution curves for site 1803 
 
Figure A.5.34 Particle size distribution curves for site 1804 
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Figure A.5.35 Particle size distribution curves for site 1805 
 
Figure A.5.36 Particle size distribution curves for site 1806 
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Figure A.5.37 Particle size distribution curves for site 1807 
 
Figure A.5.38 Particle size distribution curves for site 1808 
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Figure A.5.39 Particle size distribution curves for site 1809 
 
Figure A.5.40 Particle size distribution curves for site 1810 
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